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ABSTRACT
Ramadurgam, Sarath Ph.D., Purdue University, May 2016.
Tailoring Optical and Plasmon Resonances in Core-Shell and Core-Multishell Nanowires.
Major Professor: Chen Yang.
Semiconductor nanowires (NWs) are sub-wavelength structures which exhibit
strong optical (Mie) resonances in the visible range. In addition to such optical
resonances, the localized surface plasmon resonances (LSPR) in metal and semicon-
ductor (or dielectric) based core-shell (CS) and core-multishell (CMS) NWs can be
tailored to achieve novel negative-index metamaterials (NIM), extreme absorbers, in-
visibility cloaks and sensors. Particularly, in this dissertation, the versatility of CS
and CMS NWs for the design of negative-index metamaterials in the visible range
and, plasmonic light harvesting in ultrathin photocatalyst layers for water splitting
are studied.
Utilizing the LSPR in the metal layer and the magnetic dipole resonance in the
semiconductor shell under traverse electric (TE) polarization, semiconductor-metal-
semiconductor CMS NWs can be designed to exhibit spectrally overlapping electric
and magnetic resonances in the visible range. NWs exhibiting such double resonances
can be considered as meta-atoms and arrayed to form polarization dependant, low-loss
NIM.
Alternatively, by tuning the LSPR in the TE polarization and the optical reso-
nance in the transverse magnetic (TM) polarization of metal-photocatalyst CS and
semiconductor-metal-photocatalyst CMS NWs, the absorption within ultrathin (sub-
50 nm) photocatalyst layers can be substantially enhanced. Notably, aluminum and
copper based NWs provide absorption enhancement remarkably close to silver and
gold based NWs respectively. Further, such absorption is polarization independent
xv
and remains high over a large range of incidence angles and permittivity of the
medium.
Due to the tunability of their optical properties, CS and CMS NWs, are expected
to be vital components for the design of nanophotonic devices. An outlook has been
presented highlighting some of the potential applications of such nanowires beyond




In the recent years, nanostructures consisting of both semiconductor (dielectric)
and metal components have drawn considerable attention owing to their unique tun-
able optical properties. For instance, semiconductor nanowires (NWs) exhibit strong
diameter dependant optical (Mie) excitations in the visible and infrared range [1–3].
This intriguing response of semiconductor (or dielectric) nanomaterials can be used
to tune their absorption for energy applications [1–6], as well as support natural mag-
netic dipole resonances for the design of negative-index metamaterials (NIM) [7–15].
On the other hand, metal nanostructures exhibit plasmon resonances which can be
utilized to spatially confine optical fields in the nanometer scale, act as waveguides,
enhance absorption, increase light scattering, resonantly transfer energy to generate
electron-hole pairs in the surrounding semiconductor, provide hot electrons and drive
the electrolysis of water [16–24]. Combining the optical excitations in semiconductor
layers with the localized surface plasmon resonances (LSPRs) in metal layers of the
same core-shell (CS) and core-multishell (CMS) nanostructure enables unique pho-
tonic applications such as cloaking [25, 26], negative refraction [27–30] and extreme
absorption [31–35]. This dissertation highlights two applications of CS and CMS
NWs, namely, visible range NIM (ref. [30]) and, scalable plasmonic photoelectrodes
(ref. [33] Copyright 2014 ACS, ref. [34] Copyright 2014 SPIE). The results presented
here show that by identifying very simple design parameters such as the geometry,
core diameters, shell thicknesses and materials, CS and CMS NWs can be utilized in
an diverse range of nanophotonic applications.
2
1.2 Optical Resonances in Dielectric Nanowires
Nanowires exhibit unique diameter dependent optical resonances. Let’s consider
an infinitely long NW under a plane wave incidence as show in Figure 1.1. The
incident light can be decomposed into a sum of infinite cylindrical waves (modes).
The unique optical resonances in NWs stems from a strong coupling with various
cylindrical partial wave modes (angular momentum channels). The NW size, coaxial
structure and optical constants of materials considered play a strong role in shaping
the optical response of NWs. The subsequent sections will examine and highlight the









Figure 1.1. Schematic of a NW under plane-wave incidence perpendic-
ular to the its axis. transverse magnetic (TM) and transverse electric
(TE) polarization refer to magnetic field and electric field perpendic-
ular to the NW axis respectively.
Given the diameter range of 10-200 nm, the first 6 (n=0 to 5) cylindrical partial
wave contributions are the most important. Figure 1.2 plots the cylindrical partial
wave contributions to transverse magnetic (TM) and transverse electric (TE) of the
incident plane wave illumination. In Figures 1.2 and 1.3, the even modes of the
TE incident wave are imaginary and the odd modes are real. Notably, the real
modes result in electric response and imaginary modes lead to magnetic response.
For instance, in TM, n=0 and n=2 correspond to the dipole and quadrupole electric
3
modes, while n=1 and n=3 correspond to the dipole and quadrupole magnetic modes.
The mathematical derivation of these cylindrical modes is presented in Chapter 2.
Here the focus is to introduce the physical relevance of such modes towards the optical







Figure 1.2. Cylindrical partial wave contributions (n=0, 1, 2 and 3
respectively) to the TM (a-d) and TE (e-h) incident electric field. The





Figure 1.3. Cylindrical partial wave contributions (a) n=0 and (b)
n=2 to the Electric Field in TE incidence with arrows showing the
direction of the imaginary component.
4
Different modes couple thereby exhibiting resonances depending on the diameter
and wavelength. Figure 1.4 plots the scattering efficiency as a function of NW radius
and wavelength with a dielectric constant of 12. Each branch is due a different
cylindrical partial wave contribution where n=0 and 1 have the strongest peaks.
Although the incident TE mode n=0 is purely imaginary, at the scale of the NW
diameter, these modes become leaky. Particularly for dielectric NWs, this circulating




Figure 1.4. Scattering efficiency as a function of NW radius and wave-
length with a dielectric constant of 12 under (a) TM and (b) TE
illumination.
As an example, lets consider NWs with radii 25, 50, 75 and 100 nm. Figures
1.5 and 1.6 plots the scattering efficiency and the contribution of the first 6 angular
momentum channel contributions under TM and TE illumination. Table 1.1 lists the
resonance wavelengths and the corresponding angular momentum channel for these
four NWs. Clearly, the NWs couple strongly to the TM modes with increasing number
of modes contributing for larger diameter NWs. A similar trend is observed with TE
illumination, however the coupling is poor for smaller diameter wires. Specifically,
under TE illumination, the n=0 resonance results in a electric field with a strong
circulation as plotted. This results in a strong magnetic field along the NW axis.




Figure 1.5. Cylindrical partial wave contributions for nanowires under




Figure 1.6. Cylindrical partial wave contributions for nanowires under




Wavelength corresponding to peaks of various cylindrical partial wave
contributions for nanowires with a dielectric constant of 12.
Nanowire TM TE
Radius Wavelength n Wavelength n
25 520 0 - -
50 1030 0 470 0
470 1 310 1
75 1550 0 700 0
700 1 460 1
440 2 340 2
100 >2000 0 930 0
930 1 610 1
590 2 450 2
Looking further into a 75 nm radius NW, Figures 1.7 and 1.8 plot the n=0,
1 and 2 contributions to the electric field under TE and TM illumination. The
angular rotation seen in n=1 and n=2 arises due to the presence of a high dielectric
constant NW and the amount of rotation depends on the wavelength at which their
contributions are plotted.
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Figure 1.7. Cylindrical partial wave contributions to the electric field
resonances under TM illumination at (a) 1550 nm (n=0), (b) 700






Figure 1.8. Cylindrical partial wave contributions to the electric field
resonances under TE illumination at (a) 700 nm (n=0), (b) 460 (n=1)
and (c) 340 nm (n=2) for NW with 75 nm radius and a dielectric
constant of 12 and corresponding magnetic field (d-f) respectively.
1.3 Effect of Optical Constants on Resonances
So far, the NW was assumed to have a dielectric constant of 12 and no absorption,
i.e. imaginary component of the dielectric constant is 0. Figure 1.9a and b plot the
scattering under TE incidence for NW with dielectric constants 9 and 12 respectively.
8
Increasing the dielectric constants leads to a red shift in the resonances and the total
scattering increases a little. Figure 1.9c plots the scattering for a NW with absorption
(dielectric constant of 12+1i). Compared to the case without absorption, here the
total scattering is substantially reduced however the resonance positions are shifted by
a small value. Therefore, the discussion on ideal non-absorbing NWs clearly provide
a good idea on the optical resonances and can be translated directly towards real
materials.
a b c
Figure 1.9. Cylindrical partial wave contributions for NWs under TE
(a-c) illumination with dielectric constants (a) 9, (b) 12 and (c) 12+1i
respectively.
1.4 Optical Resonances in Dielectric Core-Shell Nanowires
The optical resonances in dielectric NWs can be tuned by changing dielectric
constant and diameter. Alternatively, core-shell structures can tune these resonances.
Figure 1.10 plots a core shell NW with a total diameter similar to a single nanowire
with 75 nm radius. Clearly, the resonances here as compared with plots presented
in the previous section exhibit resonances at a different wavelength. This opens up
the opportunity to designing NW with fixed dimensions while having different optical
response which is highly useful for opto-electronic devices. This flexibility makes





Figure 1.10. Angular momentum channel contributions for NWs un-
der (a) TM and (b) TE for CS NW with a 50 nm radius core with a
dielectric constant of 12 and 25 nm shell with a dielectric constant of
4, (c) TM and (d) TE for CS NW with a 50 nm radius core with a
dielectric constant of 4 and 25 nm shell with a dielectric constant of
12.
1.5 Optical Resonances in Metal Nanowires
As compared to dielectric NWs, metallic NWs exhibit a distinct response. Figure
6.1a and b plot the TM and TE response of a 50 nm radius Ag NW. In the TM
case, n=0 is predominant while in TE case, n=1 dominates. These correspond to the
dipolar electric contributions for the TM and TE case respectively. Specifically, in
TE such a resonance corresponds to the localized surface plasmon resonance (LSPR).
Such LSPR are tunable based on the NW radius as well as the use of CS structures.
Figure 6.1c and d plot the response of CS NW with a 50 nm Ag core and 25 nm shell
with a dielectric constant of 12. Notably, there is a strong n=1 and n=0 response in
TM and TE illuminations respectively. This corresponds to a magnetic response that
is due to the presence of a dielectric shell. Such a response in CS structures opens up
the possibility of designing NW with a magnetic and electric response at the same
10
wavelength. Furthermore, such resonances can be tuned to improve absorption within




Figure 1.11. Angular momentum channel contributions for NWs un-
der (a) TM and (b) TE for 50 nm radius Ag NW, (c) TM and (d)
TE for CS NW with a 50 nm radius Ag core and 25 nm shell with a
dielectric constant of 12.
1.6 Outline
Chapter 1 introduces the novel optical properties of CS and CMS NWs and pro-
vides a brief motivation for their application towards metamaterials and energy har-
vesting.
Chapter 2 provides a rigorous derivation of the solutions to Maxwell’s Equations using
the Mie formalism in order to compute the optical response of CMS NWs. Appendix
A provides a few important MATLAB scripts based on the derivations contained in
this chapter.
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Chapter 3 derives the LDOS of CS NWs by utilizing dyadic Green’s function so-
lution to Maxwell’s Equations.
Chapter 4 presents the use of plasmon hybridization in CMS NWs to achieve double
resonance in the visible range. Arrays of such NWs are shown to behave as a low-loss
NIM in the visible range and their optical properties are evaluated.
Chapter 5 demonstrates plasmon enhanced absorption within ultrathin photocatalyst
shells of CS and CMS NWs for high efficiency water-splitting. Special attention is
paid towards understanding the spatial distribution of the absorbed photon flux as
well as the effect of polarization, incidence angles and the relative permittivity of the
medium on the absorption. Aluminum and copper are shown to be highly effective
alternatives to silver and gold, respectively, thereby enabling a route towards scalable
plasmonic energy harvesting.
Chapter 6 summarizes the dissertation and provides a detailed outlook towards plas-
monic water splitting and opto-electronic devices, in particular, light emitting diodes.
A summary of the experimental processes developed in conjunction with the theoret-
ical predictions in this dissertation is presented in Appendix B.
12
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CHAPTER 2. MIE SCATTERING IN NWS
The contents of this chapter have been reprinted (or adapted) with permission from
references [1], [2] Copyright 2014 ACS and [3] Copyright 2014 SPIE. A few MATLAB
scripts solving for the Mie coefficients derived in this chapter are presented in Ap-
pendix A. The entire set of computational tools developed through this chapter are
available on nanoHUB - ‘Optical Properties of Single Coaxial Nanowires’ (https://
nanohub.org/resources/nwabsorption).
2.1 General Solution to Maxwell’s Equations for Nanowires
Let us consider a core-multishell nanowire under oblique incidence as shown in
Figure 2.1. For a plane wave illumination (e−iωt), the Maxwell’s Equations (in SI
units) are:
∇× ~E = iωµ ~H (2.1a)
∇× ~H = −iωε ~E (2.1b)
∇ · (ε ~E) = 0 (2.1c)
∇ · (µ ~H) = 0 (2.1d)
The wave-number in different regions of the nanowire is ki = ω
√
εiµi. The sub-
scripts i = 0, 1, 2 and 3 represent vacuum/air, shell 2, shell 1 and the nanowire core
respectively.
We assume that the nanowire is very long (L  r), made up of homogenous
materials. and use the Mie formalism developed for right circular cylinders (with and
without a shell)to solve for the fields in a core-multishell nanowire. [4–11]
Let ψ is the solution to the scalar wave:































Figure 2.1. Schematic of CMS NWs under oblique polarized inci-
dence. Case I and Case II refer to magnetic field and electric field
perpendicular to the NW axis respectively.








k2i − h2 and h is defined from the angle of incidence. Now, let ~Mn and
~Nn be solutions to the vector wave equation:
∇2 ~A+ k2 ~A = 0 (2.4)
The vector harmonics can be expressed in terms of the scalar solution ψ as:

























{BnMn + AnNn} (2.6b)
























































We have presented a general framework to obtain the vector fields from the solutions
to the scalar wave equation. For a given incident wave, the fields are calculated by
applying the boundary condition for continuity of tangential components (φ̂ and ẑ)
at each interface.
Plane-wave Illumination Assuming the nanowire is along the ~z axis as shown











Here, h = k0 sinα and Fn = Eoi
−ne−ihzeinφ. To solve the scattering problem, we
consider two polarizations of the incident light.
Case I: ~H ⊥ nanowire axis
Consider the case when the magnetic
field is perpendicular to the nanowire














Case II: ~E ⊥ nanowire axis
Consider the case when the electric
field is perpendicular to the nanowire















2.2 Core-Multishell Nanowire Scattering
For a plane-wave incidence, we write down the Un and Vn for regions i=0,1,2 and
3 representing the surrounding medium (vacuum), shell 2, shell 1 and nanowire core.
Case I: ~H ⊥ nanowire axis
i = 3; For r > c
Vn = −a(I)n Hn(f0r)F (I)n (2.11a)
Un = Jn(f0r)− b(I)n Hn(f0r)}F (I)n (2.11b)
i = 1; For r > b and r < c
Vn = {C(I)n Jn(f1r) + c(I)n Hn(f1r)}F (I)n
(2.11c)
Un = {D(I)n Jn(f1r) + d(I)n Hn(f1r)}F (I)n
(2.11d)
i = 2; For r > a and r < b
Vn = {E(I)n Jn(f2r) + e(I)n Hn(f2r)}F (I)n
(2.11e)
Un = {G(I)n Jn(f2r) + g(I)n Hn(f2r)}F (I)n
(2.11f)











Case II: ~E ⊥ nanowire axis
i = 3; For r > c
Vn = Jn(f0r)− a(II)n Hn(f0r)}F (II)n
(2.12a)
Un = −b(II)n Hn(f0r)F (II)n (2.12b)
i = 1; For r > b and r < c
Vn = {C(II)n Jn(f1r) + c(II)n Hn(f1r)}F (II)n
(2.12c)
Un = {D(II)n Jn(f1r) + d(II)n Hn(f1r)}F (II)n
(2.12d)
i = 2; For r > a and r < b
Vn = {E(II)n Jn(f2r) + e(II)n Hn(f2r)}F (II)n
(2.12e)
Un = {G(II)n Jn(f2r) + g(II)n Hn(f2r)}F (II)n
(2.12f)











At each interface we now apply the boundary conditions for the continuity of Eφ, Ez,
Hφ and Hz.
Case I: ~H ⊥ nanowire axis
r = c




f1{C(I)n J ′n(f1c) + c(I)n H ′n(f1c)}+ nhk1c{D
(I)





{Jn(f0c)− b(I)n Hn(f0c)} =
f21
k1

















{−a(I)n Hn(f0c)}} = k1µ1{
f21
k1
{C(I)Jn(f1c) + c(I)n Hn(f1c)}} (2.13d)
r = b
f1{C(I)n J ′n(f1b) + c(I)n H ′n(f1b)}+ nhk1b{D
(I)
n Jn(f1b) + d
(I)
n Hn(f1b)} =
f2{E(I)n J ′n(f2b) + e(I)n H ′n(f2b)}+ nhk2b{G
(I)





{D(I)Jn(f1b) + d(I)n Hn(f1b)} =
f22
k2

















{C(I)Jn(f1b) + c(I)n Hn(f1b)}} = k2µ2{
f22
k2
{E(I)Jn(f2b) + e(I)n Hn(f2b)}} (2.13h)
r = a
f2{E(I)n J ′n(f2a) + e(I)n H ′n(f2a)}+ nhk2a{G
(I)
n Jn(f2a) + g
(I)
n Hn(f2a)} =

























































































































































































Hn(f2b) 0 0 0 0

















































Case II: ~E ⊥ nanowire axis
The form of the boundary conditions for Case II is nearly identical to Case I. The
coefficients for Case II can be evaluated from the linear equation By = Y , where




































Jn(f0c) 0 0 0 0 0 0 0 0
)
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2.3 Absorption Efficiency and Integrated Photon Flux Absorbed
The total absorption and the scattering efficiencies for a CMS NW of total radius
























































The absorption efficiency within individual layers (ηi where i = 1, 2 and 3 rep-
resents shell 2, shell 1 and the nanowire core respectively) is the ratio of the power
absorbed over the power incident per unit length of the wire [11]. The absorption







Im{ε(r)}|(E(I)r )2 + (E
(I)
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Im{ε(r)}|(E(II)r )2 + (E
(II)
φ )









Here, k0 is the wave-number of incident light in the medium and ε0 is the relative
permittivity of the medium.
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In order to obtain absorption in eahc layer, the integration limits in (2.16) are set
accordingly.








Where, IAM1.5G is intensity of 1-sun (air mass 1.5 global) illumination, hPlanck is
Planck’s constant and clight is the speed of light. The photon flux is obtained from
IAM1.5G by deviding it with the energy of the photon (hPlankclight/λ).
To obtain spatial distribution of the integrated photon flux absorbed, the inte-
grand in (2.16) is used. The spatial distribution of absorption is multiplied with the
photon flux and integrated over the wavelength to obtain the spatial distribution of











{|(E(I)r )2 + (E
(I)
φ )
2 + (E(I)z )
2|
+ |(E(II)r )2 + (E
(II)
φ )
2 + (E(II)z )
2|} dλ
(2.18)
Note, the total photon flux absorbed is just the area integral of the spatial distribution.
The units of χabs,i(r, φ) is photons cm
−2 s−1.
2.4 Magnetic and Electric Polarizability of Nanowires Under Transverse
Electric Polarized Illumination
Let us consider the case of a NW oriented along ẑ under plane-wave TE illumina-
tion of the form e−iωt propagating along x̂ and incident normal to the NW axis. The
polarization (P ) and the polarization current of the NW is:




= (εj − ε0)∂E∂t = −iω(εj − ε0)E
(2.19)
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Here, εj is the permittivity of layer j. The polarization current results in a magnetic
moment along the NW axis. Since the NW is assumed to be infinitely long, we can





r × JP dA = −iω2
∫
A
(εj − ε0){xEy − yEx} dA (2.20)
A is the area of cross-section. Now the magnetic polarizability can be obtained
from the magnetic moment and the magnitude of the incident field H0. We further






(εj − ε0){xEy − yEx} dA (2.21)
The total electric dipole moment is obtained by integrating the polarization over
the NW cross-section. Since the incident electric field is along ŷ , the dipole moment




(εj − ε0)Ey dA (2.22)
The electric polarizability per unit length normalized with the area of cross-section






(εj − ε0)Ey dA (2.23)
The polarizabilities have been normalized in this manner for ease of comparison.
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CHAPTER 3. 2D LDOS AND PURCELL ENHANCEMENT FACTOR FOR CS
NWS
3.1 Two Dimensional Green’s Tensor and Local Density of Optical States
Consider the Maxwell’s Equations (in SI units) for a system with a current
source and a e−iωt field dependence with time:
∇ · ( ~E) = ρ(rs)
ε
(3.1a)
∇ · ( ~H) = 0 (3.1b)
∇× ~E = iωµ ~H (3.1c)
∇× ~H = −iωε ~E +~j(rs) (3.1d)
For a dipole source at rs, the charge is given as ρ(r) = εδ(r− rs). The wave equation
(inhomogeneous Helmholtz equation) in free space is given as:
(∇2 + k2)ψ(r) = −ρ(r)
ε
(3.2)
The solution to Eq. [3.2] is a green’s function which satisfies:
(∇2 + k2)G0(r, rs) = −δ(r − rs) (3.3)










0 (k|r − rs|) in 2D (3.4b)
Note: since the time dependence was chosen to be e(−iωt), Hankel Function of the first
kind (H(1)) represents outgoing waves.
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From the Maxwell’s Equations [3.1] it follows that:
∇× (∇× ~E) = iωµ(∇× ~H)
=⇒ ∇(∇ · ~E)−∇2 ~E = iωµ(−iωε ~E +~j(rs))
=⇒ (∇2 + k2) ~E = −iωµ~j(rs) (3.5)
∇× (∇× ~H) = −iωε(∇× ~E) +∇×~j(rs)
=⇒ ∇(∇ · ~H)−∇2 ~H = −iωε(iωµ ~H) +∇×~j(rs)














Figure 3.1. Schematic of a core-shell nanowire.
The LDOS of infinitely cylindrical structures can be solved using dyadic Green’s
functions as described in literature for photonic crystals and coated cylinders [1–6].
Consider a core-shell nanowire as shown in Figure S1 where the core and shell radii
are a and b respectively. The dielectric constant is εi where i = 0,1 or 2 which repre-
sents the external medium, nanowire core and shell respectively. In order to evaluate
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the LDOS in core-shell nanowire due to a dipole source located at rs, it is necessary
to obtain rigorous solution to Maxwell equations [2.1]. The LDOS due to a emitter
present in the shell of a core-shell nanowire is of particular interest for the design of
opto-electronic devices. Typical nanowires have an aspect ratio (length:diameter) in
the range of 10 to 100 and can be effectively assumed as infinitely long. Further, for
simplicity, all materials are assumed to be homogenous with isotropic optical proper-
ties.
The wave equations for the electric and magnetic fields due to a electric dipolar
source, therefore, reduce to a 2D in-plane problem where the polarization decouples
into transverse magnetic (TM - ~E parallel to nanowire axis) and transverse electric
(TE - ~H parallel to the nanowire axis). The Green’s tensor for TM polarization is a







The LDOS due to a source at rs can be obtained the Green’s Tensor as follows:
ρ(rs, ω) = −
2ω
πc2
Im{Tr[GE(rs, rs, ω)]} (3.8)






The Purcell Factor (PF ) is the ratio of emission rate in the presence of scatters to









3.2 LDOS for Core-Shell Nanowires
Dipolar Source in TM Polarization
For a electric dipolar source along ẑ, the electric field ( ~E = V E ẑ) is the solution
to [3.5]:
(∇2 + k2)V E = −iωµjsδ(r − rs) (3.11)
Here V E is a ’scalar potential’ that satisfies the Helmholtz equation in the absence of




from [3.3] and [3.11] we obtain V E = Gzz
The field at (r, φ) due to a dipole source at (rs, β) along ẑ in the absence of






0 (k|r − rs|) (3.12)

















−imβ r > rs
Xm(kr) =
Jm(kr) r < rsH(1)m (kr) r > rs
LDOS for TM polarization
The electric field in the absence of sources is a solution to Helmholtz equation
and can be expressed as a summation of Bessel and Hankel functions. By adding the
contribution due to the dipolar source within the shell using the expression defined
in [3.13], the electric field inside and outside the nanowire can be written as follows:













Here the coefficients Am, Cm, Dm and Em can be obtained by applying the boundary
conditions at each interface. The tangential fields (Ez and Hφ) at each interface are
continuous which gives the following set of linear equations:










0 −Jm(k2a) −H(1)m (k2a) Jm(k1a)
0 − 1
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µi/εi, is the wave impedance. The electric field and in turn the LDOS
for TM polarization can be obtained by solving these linear equations.
Dipolar Source in TE Polarization
For a electric dipolar source oriented along û, where u = x or y, the magnetic field
( ~H = V H ẑ) is the solution to [3.6
(∇2 + k2)V H = 1
iωµ
ẑ.[∇×−ûδ(r − rs)] (3.18)
Here V H is a ’scalar potential’ that satisfies the Helmholtz equation in the absence
of any sources. The Green’s tensor [3.7] can be evaluated by solving [3.18].
The field at (r, φ) along ẑ due to a dipole source at (rs, β) along x̂ or ŷ in the
































1 (k|r − rs|) cos(θ) (3.20)













































{Jm+1(krs)e−i(m+1)β − Jm−1(krs)e−i(m−1)β} r > rs
Here Xm(kr) is defined the same as [3.13].
LDOS for TE polarization
The magnetic field, similar to the previous case, in the absence of sources is a
solution to Helmholtz equation and can be expressed as a summation of Bessel and
Hankel functions. By adding the contributions due to the dipolar source along x̂
within the shell using the expression defined in [3.21], the magnetic field inside and
outside the nanowire are:












Only the source term changes if the dipole is oriented along ŷ. The coefficients
Am, Cm, Dm and Em can be obtained by enforcing continuity of tangential fields
(Hz and Eφ) at each interface which can be expressed as the following set of linear
equations:
−H(1)m (k0b) −Jm(k2b) −H(1)m (k2b) 0
−η0H(1)′m (k0b) −η2J ′m(k2b) −η2H
(1)′
m (k2b) 0
0 −Jm(k2a) −H(1)m (k2a) Jm(k1a)
































µi/εi, is the wave impedance. The magnetic field can be obtained by
solving these linear equations which can be used to obtain the electric field and in
turn the LDOS. The electric field for TE polarization is:

































































Jm(kr)r̂ − kJ ′m(kr)φ̂
)
eimφ (3.30)
The sum of the electric field along x̂ and ŷ when the source is respectively oriented
along that direction gives the trace of Green’s tensor for TE polarization.
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CHAPTER 4. VISIBLE LIGHT NEGATIVE REFRACTIVE INDEX
METAMATERIALS CONSISTING OF CORE-MULTISHELL NANOWIRES
The contents of this chapter have been reprinted (or adapted) with permission from
reference [1].
In the past decade many breakthroughs have been made towards realizing isotropic,
bulk negative-index metamaterial (NIM) in various spectral regimes [2,3]. Most typ-
ical NIM designs consist of an array of sub-wavelength resonant units called meta-
atoms which exhibit a spectrally overlapped magnetic and electric (double) reso-
nance. Specifically, in the visible range, negative refraction has been demonstrated
using metallic nanowires embedded in a dielectric matrix [4,5], fishnet structures [6–8],
metal-dielectric stacks/sandwiches [9–11], planar waveguides [12] and metal-insulator-
metal coaxial waveguides [13,14]. Despite the tremendous progress in the design and
fabrication of NIM, developing high performance NIM without active loss compen-
sation in the optical domain remains a challenge. This is due to large losses arising
from both the NIM designs as well as the materials. The best experimental value for
the figure of merit FOM = |Re(ηeff )
Im(ηeff )
| reported so far are 3.34 in the visible and 3.5 in
near-infrared range obtained from fishnet NIM [8,15].
The losses arising from the NIM design can be effectively minimized by using the
natural magnetic resonance (Mie resonance) in semiconductor/dielectric nanostruc-
tures [16–23]. A high FOM has been predicted in NIMs based on metal-semiconductor
heterostructures such as Ag-GaP hybrid rods [24], Ag-Si core-shell (CS) nanospheres
[25] and nanowires [26]. Specifically, in the CS structures the core diameter and
the shell thickness are chosen so that the magnetic dipole resonance arising from
the dielectric shell and the electric dipole resonance (localized surface plasmon reso-
nance - LSPR) in the metal core spectrally overlap. Around this double resonance,
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both the electric and magnetic dipole moments in the nanosphere/wire are strongly
negative. These sub-wavelength CS structures demonstrating such double resonance
feature satisfy the requirements of a NIM meta-atom, therefore CS structures can be
engineered into a NIM with simultaneously negative permittivity and permeability.
Since the natural magnetic resonance occurring in the dielectric shell is coupled to
the LSPR within the same CS nanostructure, the losses due to the NIM design in CS
structures are significantly suppressed, resulting in higher FOM. While NIM based on
CS nanospheres are polarization independent [25,27], NW structures are polarization
dependent, which enables stronger light coupling and leads to stronger resonance.
Hence the NIM based on NWs exhibit substantially higher FOM [26]. The Ag-Si CS
nanowire based NIM has been predicted to demonstrate a FOM of approximately 85
for a refractive index of −1 in the wavelength range between 1.2 − 1.5 µm, which is
the highest FOM predicted in that range. Since surface plasmon resonance (electric
resonance) wavelength for the CS structures depends on the diameter of the core,
scaling down the core is a possible strategy to tune the double resonance of the Ag-Si
CS nanowires into the visible domain. However, scaling down the core reduces the
coupling with light, resulting in a strong reduction in the resonance strength and
consequently the FOM. Alternatively, it has been suggested to add a thin intermedi-
ate dielectric layer with a low permittivity between the core and the shell, together
with scaling down the diameters, in order to move the NIM behavior towards visible
wavelengths [26,27].
In this chapter, we present a new group of NIM meta-atoms for the visible range
based on semiconductor-metal-semiconductor core-multishell (CMS) nanowires. In
the CMS structures, under transverse electric (TE - magnetic field along the axis of
the nanowire) polarization, the plasmon hybridization in the metal shell is used to
tune the double resonance into the visible domain. We choose Si, the most technically
important semiconductor, and Ag, the metal with the lowest losses in the visible
range, to demonstrate the effectiveness of the proposed approach. Compared to the
previous NIM studies based on core-shell meta-atoms, the uniqueness of the proposed
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approach is two-fold. First, distinguished from scaling down the meta-atom diameter
or introducing low-permittivity intermediate layer as suggested in previous studies
[25–27], we utilize plasmon hybridization to tune the electric resonance. Consequently,
the CMS structures avoid the reduction in the resonance strength accompanied by
scaling down the size and also circumvent the need for a low-permittivity intermediate
layer. Second, we specifically study CMS nanowire meta-atoms with double resonance
in the visible range. In comparison, the CS nanowire based NIM studies done by
Paniagua-Dominguez and co-workers [26] focused on double resonance in the NIR
region (1.2− 1.5 µm).
4.1 Plasmon Hybridization and Visible Range Double Resonance in in
Core-Multishell Nanowires
Plasmon hybridization was first extensively studied in Au nanoshells [28–30]. For
a single metal shell, the cavity plasmon and the surface plasmon hybridize to form
symmetric and anti-symmetric plasmons of which frequencies are significantly differ-
ent. Similar hybridization has been studied in metal nanotubes [31, 32] and coupled
metal nanowires [33]. Plasmon hybridization in the nanowires structures can be suc-
cinctly described in a manner similar to molecular orbital hybridization, as shown in
Figure 4.1d [28–30]. Here, the Si (green) nanowire with a Ag (red) shell exhibits a
cavity plasmon (ωc) and the Ag nanowire with a Si shell exhibits a surface plasmon
resonance (ωNW ). The Si-Ag CS nanowire with a Si outer shell, a superposition of
two systems discussed above, would result in a hybridized case. Here, the cavity and
surface plasmons hybridize to give a symmetric (ω−) plasmon with a lower energy and
an anti-symmetric (ω+) plasmon with a higher energy, compared to the constituent
plasmons. This large difference in the resulted plasmon resonance wavelengths en-
sures tunability over a large range that would otherwise require significant reduction







































































































Figure 4.1. (a) Total scattering efficiency and contributions of the
first (magnetic) and second (electric) Mie coefficients of a Si (80 nm
dia.)-Ag (20 nm)-Si (30 nm) CMS nanowire under TE illumination.
Inset: schematic representation of the CMS nanowire structure. (b)
and (c) are the corresponding normalized electric and magnetic polar-
izabilities respectively. The shaded grey region represents the spectral
region of double resonance. (d) Schematic of plasmon hybridization
in CMS NW. (e) Magnetic and Electric near-field contours at 660 nm.
The scattering efficiency of CMS nanowires under TE polarization can be obtained
as described in Section [2.3] by setting the angle of incidence to 0°in Case II. Equa-
tion [2.14] gives the scattering efficiency for arbitrary TE incidence. For normal TE
incidence, b
(II)









For TE illumination, n = 0 and n = 1 corresponds to the dipolar electric and dipolar














Based on the plasmon hybridization picture, we designed a Si-Ag-Si CMS struc-
ture (Fig. 4.1a Inset), in which the thickness of the Si outer shell is optimized so
that the magnetic resonance in the Si outer shell overlaps with the anti-symmetric
plasmon wavelength in the Ag inner shell. We found that for a representative CMS
nanowire with an 80 nm diameter Si core and a 20 nm thick Ag inner shell, a 30
nm thick Si outer shell results in a double resonance in the visible domain. For this
specific CMS structure under TE illumination, we calculated and plotted the total
scattering efficiency as well as the scattering contribution of the magnetic and elec-
tric dipolar Mie coefficients as functions of wavelength in Figure 2a. The grey shaded
area highlights the region of the double resonance occurring between 620 to 730 nm,
which later will be demonstrated as the working range of the NIM composed of these
CMS structures. Additionally, the real and imaginary parts of the electric and mag-
netic polarizabilities normalized with the cross-sectional area of the CMS nanowire
are plotted in Figure 4.1b and c (see Section [2.4] for a detailed derivation). In the
shaded wavelength range, strongly negative electric and magnetic polarizabilities (i.e.,
dipole moments) are clearly observed. The magnetic field distribution in the Si outer
shell and the circulation in the electric field provide further confirmation of the double
resonance. The magnetic and electric near-field contours at 660 nm are plotted in
Figure 4.1e. These results collectively show that CMS structures demonstrate strong
double resonances and therefore are promising meta-atom systems for NIM in the
visible domain. In addition, the feature dimensions of the CMS structure, including
the Si core diameter, the Ag shell thickness and the Si outer shell thickness, offers
great tunability of the double resonance wavelengths. For example, when increasing
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the Si outer shell thickness, the anti-symmetric plasmon frequency blue shifts while
the symmetric plasmon does the opposite.
4.2 Visible Range Double Resonance Tunability
To gain a deeper insight into the tunability of CMS structures, we varied the core
diameters and shell thicknesses, while identifying the electric and magnetic resonance
wavelengths and searching for their spectral overlap. Specifically, we first computed
the product of the scattering contributions from the first two Mie coefficients as
functions of wavelength, i.e. Q
(II)
sca, magnetic(λ, rj) ∗ Q
(II)
sca, electric(λ, rj). Here rj is the
core radius, shell and outer shell thickness for j = 1, 2 and 3 respectively. This
product indeed characterizes the overlap between the electric field resonance and the
magnetic field resonance. We define the maximum of this product as the correlation
function:
Corr(rj) = Max{Q(TE)sca, magnetic(λ, rj) ∗Q
(TE)
sca, electric(λ, rj)} (4.3)
Further, the wavelength (λcorr) at which the maximum of this product occurs is
identified.
The correlation (Corr(rj)) and the corresponding wavelengths (λcorr) were ob-
tained for multiple outer shell thicknesses and plotted in Figure 4.2a. The peaks in
the correlation vs. shell thickness graph represent double resonance. Analysis were
performed for three groups of structures in which the Si core diameters are chosen
to be 160 nm, 80 nm and 40 nm respectively, and Ag shell thicknesses are all fixed
at 20 nm. In Figure 4.2a the correlation function shows peaks at 65, 30 and 25 nm
outer shell thicknesses and corresponding double resonance wavelengths are 1080, 660
and 570 nm respectively. These results indicated that by varying only the outer shell
thickness in a Si-Ag-Si CMS we can tune the double resonances in a broad range
covering the visible spectrum. The correlation analysis for Ag-Si CS nanowires was
also performed and shown in Figure 4.2b. For 200, 80 and 40 nm Ag core diameters,












































Figure 4.2. Correlation and the corresponding wavelengths as func-
tions of the outer shell thicknesses of (a) CMS and (b) CS NWs. In
CMS NWs, the Si core diameters are 160 nm (Black), 80 nm (Red)
and 40 nm (Green) respectively, and Ag shell thicknesses are all fixed
at 20 nm. In CS NWs, the Ag shell thickness are 200 nm (Black), 80
nm (Red) and 40 nm (Green), respectively.
and 750 nm respectively. All double resonance features found for three CS structure
are 750 nm or above (dash line in Figure 4.2a, and b bottom panels) while the CMS
nanowires clearly exhibit a substantial blue shift in the double resonance, with two of
double resonances shifted to the visible range. We note that the CS structures consid-
ered in Figure 4.2b are identical to CS meta-atoms studied by Paniagua-Domnguez
and co-workers [26], which are made of a 160 nm diameter Ag core and a 90 nm thick
Si shell showing a double resonance at 1300 nm. These CS meta-atoms indeed can-
not be tuned into the visible range with scaling alone. An additional low-permittivity
layer between the Ag and Si would be necessary for CS structures to achieve a strong
double resonance at the same wavelength as the CMS nanowire counterparts [26,27].
Notably, among all CMS structures, the heights of correlation peaks obtained for 160
and 80 nm core diameters are comparable, indicating that the electric and magnetic
dipole strength does not significantly change in this range of core diameters. While
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considering the core diameter below 80 nm, we observed a decrease in the correla-
tion peak height and electric dipole moment. This indicates a weaker resonance and
poorer coupling with light for thinner cores. A similar trend is also observed in the
CS nanowires with core diameters smaller than 80 nm. These results suggested a
limitation for tuning the working range of NIM based on the CS and CMS structures
considered by scaling down alone.
4.3 Effective Refractive Index and Figure of Merit for a Core-Multishell
Nanowire Array Slab
We have so far shown that the CMS nanowires can be considered as individual
meta-atoms with strong resonance in the visible range. We now present full numerical
simulations to demonstrate that a slab consisting of CMS nanowire array behaves as
low loss and isotropic NIM. Based on the above analysis, we choose a core diameter of
80 nm in order to have sufficiently strong double resonance. As for the Ag intermediate
shell, choosing the right thickness is critical since it should provide visible range
plasmon resonance without resulting in loss of resonance strength. Thinner shells lead
to weaker double resonance in the visible range while thicker layers exhibit stronger
resonance albeit in the NIR range. Therefore, keeping these constraints in mind, we
choose a 20 nm Ag shell thickness for our representative CMS nanowire to ensure
strong visible range double resonance. For these core and shell sizes, a 30 nm Si outer
shell is needed to obtain double resonance at 660 nm (Fig. 4.1a).
Considering a slab made of CMS nanowires, we performed full numerical sim-
ulations using COMSOL Multiphysics and extracted the effective refractive index.
Figure 4.3 shows negative refraction through a typical Si-Ag-Si CMS nanowire slab
utilized to extract the effective parameters of the NIM. The CMS nanowires were
considered to be infinitely long and arranged in a hexagonal lattice. The slab of
nanowires extends infinitely along the width and Floquent periodic boundary condi-
tions have been used to achieve this. A schematic of the slab is shown in Figure 4.4a
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inset. The pitch, defined as the spacing between a nanowires axis to the axis of its
neighbor nanowires, was chosen to be 200 nm. Assuming a plane-wave TE polarized
incidence at 20°to the normal as depicted in Figure 4.4a inset, port boundary con-
ditions have been used to obtain the complex transmission and reflection coefficients
(S-parameters) of the slab. The effective refractive index of CMS nanowire NIM slab
has been extracted from these complex transmission and reflection coefficients using
standard retrieval procedures for many slab thicknesses (2-60 layers thick) to ensure
convergence [34]. The imaginary part of the effective refractive index calculated in
this manner converges quickly with increasing number of nanowire layers, i.e. slab
thickness, hence giving reliable results. The real part of the effective index on the
other hand oscillates even for a slab that is 60 layers thick. Beyond this point, the
transmission through the slab becomes nearly zero making it impossible to extract
the correct branch of the real part unambiguously (Fig. 4.4c). Therefore, we present
the real part of the effective index obtained graphically by measuring the angle of
the refracted wave-vector and applying Snell’s law. Similar to Paniagua-Domnguez
Figure 4.3. The contour plot of electric field along x̂ for Si-Ag-Si NW
NIM at 460 THz TE illumination
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and co-workers [26], we assume a consistent error of ± 2°in the measurements. In all
COMSOL simulations, the optical constants of all materials were interpolated from
Sopra data [35].
4.3.1 Si-Ag-Si Core-Multishell Nanowire Negative Refractive Index Meta-
material
Considering an array of Si (80 nm dia.)-Ag (20 nm)-Si (30 nm) CMS NWs, the
imaginary part of the refractive index extracted from the S-parameters and the real
part was obtained from Snells law are plotted in Figure 4.4a. A slab with a thickness
of 25 nanowire layers was used for measuring the refracted wave-vector as well as
the transmission through the slab. The region of double resonance was found to be
620 to 730 nm and it defines the transmission window of the slab which corresponds
to the NIM working range. Beyond this range, the slab exhibits large absorption,
consistent with that observed in Ag-Si CS nanowire NIM slabs [26]. Further, the
dynamically extended contour plot of the electric field shows the light wave undergoes
both negative refraction and phase reversal within the NIM slab. This confirms
that the NIM slab consisting of CMS nanowires exhibits simultaneously negative
permittivity and permeability. Figure 4.4b plots the FOM for the Si-Ag-Si CMS
nanowire NIM slab. Specifically at 660.3 nm, the effective refractive index is estimated
to be -1.1738(±0.0410) + 0.0686i, resulting in a FOM of approximately 17. The
refractive index of -1 observed around 650-660 nm opens up possible applications
towards visible light super-lenses. The maximum FOM is found to be about 26 at
700 nm, which is among the highest FOM predicted for passive NIM in the visible
range.
Understanding the effect of illumination angles on the effective index will help us
confirm whether NIM slab is isotropic, which is a key requirement for super-lensing
applications. To this end, the transmission through the slab as a function of the





































































































Figure 4.4. (a) The real part (green curve) and imaginary part (blue
curve) of the effective refractive index and, (b) the corresponding
FOM of a slab of hexagonally packed Si (80 nm dia.)-Ag (20 nm)-
Si (30 nm) nanowire array under TE plane-wave illumination (α =
20°). The error bars in the real part of the refractive index (green
curve) are estimated based on the ± 2°error assumed while measur-
ing the refracted angle. Inset: schematic of the slab based on CMS
nanowires arranged in a hexagonal lattice. (c) The imaginary part
(green curve) and m = 0 branch of the real part (blue curve) of the
effective refractive index plotted as a function of number layers in the
NIM slab simulation. Also plotted is the corresponding transmission
(red dashes) through the NIM slab. (d) Transmission through the
NIM slab for two different pitch lengths as a function of the angle of
incidence.
4.4d, the transmission at 651.72 nm is fairly constant between incidence angles of
0°and 30°and again between 40°and 70°, which indicates that the NIM is isotropic for
these ranges. There is a substantial drop in transmission between 30°and 40°which
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can be attributed to the increased absorption caused by Fabry-Perot like resonances
in the nanowire array [26].
Notably, increasing the fill factor of the meta-atoms in the NIM has been shown to
substantially improve the FOM [25–27]. For instance, high FOM in Ag-Si CS nanowire
NIM was obtained for hexagonal close packing arrangement with 10 nm separation
between adjacent nanowire surfaces resulting in a fill factor of about 0.856 [26]. To
achieve a high FOM, in principle the nanowires should be arranged as close to each
other as possible without touching each other to ensure that the double resonance
remains unperturbed. In our simulations, we consider arrays with fill factors which
are easily accessible through either top-down etching, bottom-up vapor-liquid-solid
(VLS) growth or a combination of both. Considering a pitch of 200 nm for the Si (80
nm dia.)-Ag (20 nm)-Si(30 nm) CMS wires evaluated in the simulations, the distance
between nanowire surfaces is 20 nm and the fill factor is about 0.7346. Hence, with
the development of highly precise fabrication techniques to achieve higher fill factors,
we expect the FOM to be further improved.
4.3.2 GaP-Ag-GaP Core-Multishell Nanowire Negative Refractive Index
Metamaterial
This approach of using CMS geometry can be extended to other materials to tune
the working range of the NIM and to improve FOM. For example, GaP has nearly
negligible losses in the visible range and a dielectric constant slightly smaller than Si.
Hence we expect GaP-Ag-GaP nanowire NIM to result in an improved performance
in the visible domain over Si-Ag-Si nanowire NIM. Due to the lower permittivity, the
double resonance in a GaP (80 nm dia.)- Ag (20 nm)- GaP (30 nm) CMS nanowire is
blue shifted when compared to Si-Ag-Si nanowire of same dimensions (Fig. 4.5a). The
working range of a NIM consisting of these GaP-Ag-GaP CMS nanowires is between
540 and 640 nm. The effective refractive index and FOM over this range show trends
similar to Si-Ag-Si nanowire NIM and the results are plotted in Figure 4.5b and 4.5c
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Figure 4.5. (a) The real part (green curve) and imaginary part (red
curve) of the effective refractive index and, (b) the corresponding
FOM of a slab of hexagonally packed GaP (80 nm dia.)-Ag (20 nm)-
GaP (30 nm) nanowire array under TE plane-wave incident at an
angle of 20°.
respectively. As expected from the lower losses in GaP, the FOM for GaP based
NIM is substantially higher than Si based NIM. Specifically at 590.1 nm, the effective
refractive index is -1.0307(±0.036) + 0.0401i and the corresponding FOM is about




In this work, we have shown that semiconductor-metal-semiconductor CMS nanowires
can be designed to exhibit double resonance in the visible range under TE illumina-
tion. Such structures offer good visible range tunability where the plasmon hybridiza-
tion in the metal shell is utilized to shift the double resonance. This circumvents the
need for large scaling down of the nanowire diameters which is often required in the
metal-semiconductor CS for achieving the double resonance towards the visible range.
Further, the CMS nanowires exhibit strongly negative electric and magnetic dipole
moments and hence can be used as meta-atoms for engineering low-loss, isotropic,
polarization dependant NIM slabs. Using full numerical simulations we have demon-
strated that NIM slabs consisting of Si-Ag-Si nanowire arrays have a negative re-
fractive index between 620 and 730 nm with a FOM of about 17 at 660.3 nm. For
a NIM slab made of GaP-Ag-GaP nanowire arrays of comparable size, the working
range is between 540 and 640 nm with a FOM of about 25. This value is among the
highest estimated for passive NIM in the visible range. Simulations established in our
work provide a general guideline for design and optimize CMS structures as well as
predicting the experimentally achievable FOM. Further, since the CMS architecture
offers high tunability of the plasmon resonance while ensuring good coupling with
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CHAPTER 5. PLASMONICS FOR ENHANCED VISIBLE LIGHT
ABSORPTION AND IMPROVED QUANTUM EFFICIENCY IN
CORE-MULTISHELL NANOWIRE PHOTOELECTRODES WITH ULTRATHIN
HEMATITE SHELLS FOR WATER SPLITTING
The contents of this chapter have been reprinted (or adapted) with permission from
references [1] Copyright 2014 ACS and [2] Copyright 2014 SPIE.
Photoelectrochemical cells employing photoelectrodes made of earth abundant
materials offer an elegant, inexpensive and clean route for the production of hydro-
gen from water. To this end, hematite (α−Fe2O3) as a photoanode, has drawn great
interest due to its band-gap of 2.1 eV ensuring good absorption in the visible range
(250-600 nm) and its valence band alignment ideal to catalyze the oxygen evolution
reaction [3–8]. In addition, hematite is inexpensive, abundant and stable in aqueous
medium. The theoretical maximum photocurrent density for hematite under AM
1.5G (1-sun) illumination is 12.6 mA/cm2, which corresponds to a maximum solar to
hydrogen (STH) efficiency of 15.5%, making it a promising material for photocatal-
ysis [6, 9]. However, the minority carrier (hole) diffusion length in the bulk hematite
is about 20 nm, which limits the effective thickness of hematite contributing towards
the photocurrent density [9–11]. In addition, the conduction band edge of hematite is
lower than the reduction potential of water; hence a large overpotential is necessary
to drive the hydrogen evolution. Over the past decade, several strategies, such as
the use of nanostructures, doping, heterojunctions and co-catalysts, have been de-
veloped for improving the absorption, conductivity, charge collection, overpotential
and reaction kinetics of hematite photoelectrodes. The best STH efficiency achieved
experimentally so far employing these strategies is only about 5.3% [12]. The main
challenge towards achieving the coveted 10% efficiency required for commercial appli-
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cations is the poor internal quantum efficiency (IQE) arising from the recombination
in bulk. The challenge of low IQE can be partially addressed by using nanostruc-
tures, especially nanowires (NWs) [4, 5]. NWs exhibit size dependant optical (Mie
like) resonances which can be tuned to enhance absorption in the visible range. Such
optical resonances and absorption enhancement have been reported for semiconductor
NW [13, 14]and dielectric-dielectric core-shell (CS) NW [15]. More recently, the use
of plasmonic nanostructures [16–20], opal scaffolds [21] and resonant light trapping
in thin films [9] and photonic nanostructures [22] has been demonstrated as another
strategy to improve IQE.
Plasmonic nanostructures can be designed to effectively confine optical fields in
the nanometer scale, act as waveguides, enhance absorption, increase light scattering,
resonantly transfer energy to generate electron-hole pairs in the surrounding semicon-
ductor, provide hot electrons and drive the electrolysis of water [23–31]. For instance,
Si−Fe2O3 CS NW photoelectrodes with Au nanoparticles embedded in the hematite
shell have demonstrated a STH efficiency of up to 6% [20]. An alternative approach to
utilize plasmonics is the metal-semiconductor CS structures, such as uniform [32,33]
and tapered [34] Ag − Si CS NW, which combine the NW geometry and the local-
ized surface plasmon resonance (LSPR) in the metal core to strongly confine light
within an ultrathin semiconductor shell. All these designs utilize precious metals as
the plasmonic materials, which are expensive and unsustainable to scale up. It is
highly beneficial to design and develop a scalable plasmonic photoelectrode that can
fundamentally boost the IQE irrespective of the photocatalyst material.
In this chapter, we present semiconductor-metal-metal oxide core-multishell (CMS)
nanowires employing aluminum (Al) as a novel class of plasmonic photoelectrodes for
high efficiency water splitting. Al is an intriguing plasmonic material as it potentially
offers the following features. First, the LSPR in Al nanorods and nanoparticles is
tunable through the UV and visible spectrum [35, 36]. Second, it can strongly en-
hance fields due to nature of its dielectric function and high electron density. Third,
it is inexpensive, abundant and compatible with CMOS fabrication technology. In
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CMS NW structures proposed, such as Si − Al − Fe2O3 CMS NWs, the visible
range plasmon resonances in Al are utilized to strongly enhance fields in sub-50 nm
hematite shells and thereby drastically increase absorption. In addition, we pick Si as
the semiconductor core, as Si in the Si-hematite heterostructures has been reported
to substantially reduce the requisite overpotential [20, 37–39]. Figure 5.1a shows the
schematic of the Si − Al − Fe2O3 CMS NWs and the band-structure of these het-
erostructures along the radius. As compared to previous plasmonic nanoparticles
based CS designs, the use of Si NWs as a scaffold and Al thin films as shells in the
proposed structure offers greater control over the material quality and thickness. The
CMS structure also ensures that the plasmonic field enhancement is uniform over the
entire length of the nanowire without any additional design constraints due to size,
density and position variability often encountered with nanoparticles. More signifi-
cantly, the use of Al as the plasmonic material, unlike precious metals such as Ag,
Au or Pt, enables cost-effective and scalable plasmonic light harvesting.
5.1 Integrated Photon Flux Absorbed in Various Nanowires with Hematite
In order to evaluate the effectiveness of the proposed structures, we calculated
and studied the absorption within each layer of the CMS structures with a focus on
the hematite shell. We obtained rigorous solutions to the Maxwell’s equations using
Mie-formalism for a single CMS NW in vacuum under arbitrary polarized incidence
and computed the absorption efficiency as a function of wavelength in each layer of
the CMS NW (see Chapter [2] for a detailed derivation). The incident light can be
resolved into two cases: (I) magnetic field ( ~H) perpendicular to the nanowire axis
and (II) electric field ( ~E) perpendicular to the nanowire axis. The absorption effi-
ciency within each layer (ηabs,j where j = 0, 1,2 and 3 corresponds to the vacuum
medium, outer shell, intermediate shell and core of the NW respectively) for both
polarizations can be obtained from Equation [2.16] where the limits to the integral














































































































Figure 5.1. (a) Schematic and band-structure of a Si − Al − Fe2O3
CMS NW photoelectrode. (b) Integrated absorbed photon flux
(Φabs,Fe2O3) and ideal photocurrent density (J = qΦabs,Fe2O3) within
the hematite shell for various NW structures under 1-sun illumina-
tion incident normal to the NW axis. The grey dashes indicate the
theoretical maximum absorption in bulk hematite.
layer and to estimate the ideal photocurrent density achievable in these structures,
we assume air mass 1.5 global (AM 1.5G; 1-sun) illumination incident perpendicu-
lar to the NW axis. The photon flux absorbed is integrated over the range between
300 and 590 nm which corresponds to the overlap between AM 1.5G illumination
and the absorption spectrum of hematite [9]. The integrated photon flux absorbed
(Φabs,Fe2O3) is obtained using Equation [2.17]. The integrated photon flux absorbed
calculated in this manner provides a good basis for comparison between different NW
structures. Further, the photocurrent density assuming ideal generation of charges
and forward injection to drive the reaction can be estimated as J = qΦabs,Fe2O3 . The
absorption and photocurrent density calculated in this work is only for single NWs
and does not indicate the performance of large area devices. We believe that the
strong understanding of single NW absorption presented here will serve as a guide
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for designing high performance NW photoelectrode arrays. For all subsequent calcu-
lations presented, we utilize the dielectric functions interpolated from experimental
data for thin films [9,40]. In all calculation, NWs are assumed to be in non-absorbing
medium with a refractive index of 1 unless stated otherwise. For typical aqueous
electrolytes, the spectral position and character of the optical resonances change de-
pending on the refractive index. Further, the absorption within the nanowire also
scales down as a function of the refractive index of the medium as will be shown in .
The optimal size of the CMS NW identified might be varied when considering specific
electrolytes. Therefore, for specific electrolytes, the size of the CMS NWs has to be
optimized to obtain maximum absorption. In this work, we consider vacuum as the
medium to compare absorption in various NWs and We refer to hematite-vacuum
interface as the hematite-electrolyte interface in the photoelectrodes.
Figure 5.1b plots the integrated photon flux absorbed in the hematite shell of
a Si − Al − Fe2O3 CMS NW, compared with the results from Fe2O3, Si − Fe2O3
CS, Ag − Fe2O3 CS, Si − Ag − Fe2O3 CMS and Si − Au − Fe2O3 CMS NWs for
incident light perpendicular to the NW axis. The Si core radius and the metal shell
thickness in CS and CMS nanowires are fixed while the hematite shell thickness is
varied. A detailed optimization of the core and metal shell radii has been performed
to achieve highest absorption, and the optimal core and the shell dimension identified
are used in Figure 5.1b. Considering the carrier diffusion length in hematite as 20
nm, we chose 50 nm as the upper limit to hematite feature size in the CS and CMS
structures. This is to ensure that the structures considered have charges generated
close to the electrolyte-hematite interface and hence can effectively participate in the
reaction without recombining. All NWs examined demonstrate a general trend of
an increase in the integrated absorbed photon flux with increasing hematite feature
size until the bulk limit is reached. This trend is expected to be fairly monotonic in
the case of thin films. In NWs, the optical resonances (in TM illumination) result
in multiple local maxima in the absorption. Further, in the case of CS and CMS
nanowires, utilizing the additional plasmon resonance (in TE illumination) the first
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local maxima was found to be further enhanced, opening up for potential for enhanced
absorption within ultrathin hematite layers.
Notably, in Si−Au−Fe2O3 CMS NW, the plasmon resonance in Au occurs at a
higher wavelength as compared to Al and Ag based NW of similar diameters. For CMS
nanowires with hematite as the photocatalyst, an LSPR greater than the absorption
edge is unfavorable as it is beyond the hematite absorption range and hence results in
poorer absorption enhancement. This is evident from Figure 5.2 plotting the absorbed
photon flux as a function of Au layer thickness, in which thinner Au layers with a
LSPR occurring closer to 550 nm result in higher performance. However, as the total
NW diameter reduces, the absorption under TE polarization reduces due to poorer
coupling with light. Together, these effects limit the performance of Au based CMS
nanowires with hematite as the photocatalyst. However, for photocatalysts which
absorb well beyond 600 nm, Au may be preferable over Ag due to its LSPR in these
wavelengths. Further, similar CS and CMS NWs based on Cu (Fig. 5.2) exhibit a
performance remarkably close to Au based counterparts. Therefore, we expect Cu to
be a good scalable plasmonic alternative for photoelectrode designs that require Au.
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Figure 5.2. Integrated photon flux absorbed and the corresponding
ideal photocurrent density versus the metal feature thickness (core ra-
dius of CS or inner shell thickness of CMS NWs) for (a) Au−Fe2O3(40
nm), (b) Cu−Fe2O3(40 nm), (c) Si(40 nm dia.)−Au−Fe2O3(40 nm)
and (d) Si(40 nm dia.)− Cu− Fe2O3(30 nm) nanowires.
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Under ideal conditions, the maximum photocurrent density within the hematite
shell of a Si(40 nm dia.) − Al(50 nm) − Fe2O3(40 nm) CMS NW reaches approx-
imately 11.81 A/cm2, corresponding to a STH efficiency of 14.5%. This value is
about 93% of the theoretical maximum for bulk hematite, indicated by grey dashes
in Figure 5.1b, and over 20% higher than the best predicted value for ultrathin film
hematite resonant light traps with comparable thickness [9]. Collectively, we have
demonstrated that the Al based CMS structures are a promising design to match the
high performance expected from the precious metal counterparts and a remarkable
improvement over the hematite thin film designs.
5.2 Absorption Efficiency of Individual Layers and Fabry-Pérot reso-
nance in Core-Multishell Nanowires
a b




















































































































































































































































Si(60 nm dia.)-Fe2O3(30 nm) Ag(80 nm dia.)-Fe2O3(30 nm)
Al(140 nm dia.)-Fe2O3(40 nm)
Si(40 nm dia.)-Ag(50 nm)-Fe2O3(30 nm)
Si(40 nm dia.)-Al(50 nm)-Fe2O3(40 nm)
Figure 5.3. The absorption efficiency under TM (dashed lines), TE
(dotted lines) and unpolarized (solid lines) illumination plotted for
individual core and shell layers of various nanowires in a medium
of air with core diameters and shell thicknesses chosen to maximize
absorption within sub-50 nm thick layer of hematite.
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A more detailed analysis on the absorption of each individual layer of the NWs has
been performed to understand the contribution of plasmon based absorption enhance-
ment. Figure 5.3 plots the absorption efficiency within the cores and shells of various
NWs as a function of wavelength for transverse electric (TE), transverse magnetic
(TM) and unpolarized incidence. For NWs examined here, we used hematite shell
thicknesses identified for maximum absorbed photon flux from Figure 5.1b. Due to
their anisotropy, the NWs couple strongly to TM illumination, resulting in enhanced
absorption and optical resonance. In the case of Fe2O3(100 nm dia.) NW (Figure
5.3a), the strong optical resonance in TM illumination was found to be around 450 nm,
a main contribution to the overall absorption. In the Si(60 nm dia.)−Fe2O3(30 nm)
CS NW (Figure 5.3d), although the thickness of hematite is smaller in comparison
to the Fe2O3(100 nm dia.) NW, the NW has a larger total diameter which results in
a shift of the optical resonance under TM illumination to 500 nm. This shift in the
resonance leads to stronger absorption for the Si−Fe2O3 CS NW observed in Figure
5.1b. These results essentially illustrate the advantage of CS structures over Fe2O3
NWs where the CS structures offer larger tunability of the optical resonance.
For aAl(140 nm dia.)−Fe2O3(40 nm) CS NW (Figure 5.3b) and aAg(80 nm dia.)−
Fe2O3(30 nm) CS NW (Figure 5.3e), in addition to the optical resonance in TM, the
metal surface offers an LSPR in TE illumination. The LSPR is around 550 nm in
both structures, indicated by the absorption peaks within the metal core for TE
illumination. Consequently, the absorption efficiencies observed under TE and TM
illumination are similar which is an indication of Fabry-Pérot like resonances and con-
sistent with previous reports on similar metal-dielectric CS structures [32,33]. In the
case of the Si−Ag−Fe2O3 CMS NW, two absorption peaks in the Ag shell at around
570 and 760 nm under TE illumination are observed, indicating a hybridization of
the cavity and the surface plasmon (Fig. 5.3f; please see Section [4.1] for detailed dis-
cussion on plasmon hybridization in CMS NWs). In contrast, we do not observe two
distinct absorption peaks in the Al shell of Si−Al−Fe2O3 CMS NW. Additionally,
the absorption in the Al core of Al−Fe2O3 CS NW and Al shell of Si−Al−Fe2O3
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CMS NW are identical. These observations indicate the absence of clear plasmon
hybridization in Al based CMS NWs. We attribute this to the screening effect due to
the large dielectric constant of Al. Similar to the CS NWs, the absorption efficiencies
of CMS NWs under TE and TM illumination indicate Fabry-Pérot like resonances.
5.3 Spatial Distribution of the Photon Flux Absorbed
We have demonstrated that new photoelectrode design proposed exhibit enhanced
absorption. To improve the IQE through reducing recombination, the photon flux
absorbed and charges generated should be close to the hematite-electrolyte interface.
Assuming an unpolarized AM 1.5G illumination incident perpendicular to the NW
axis and using the spatial distribution of the absorption efficiency, we calculate the
spatial distribution of the photon flux absorbed and integrate over 300 - 590 nm as
described in Equation [2.18].
Figure 5.4 plots the spatial distribution of the photon flux absorbed for the NW
structures evaluated in Figure 5.3. The color scale has been kept constant for easy
comparison. The absorption within hematite shells in the metal based CS and CMS
structures all demonstrate a localized field close to the electrolyte interface in com-
parison with the Fe2O3 NW (Figure 5.4c-f). The Al based CS and CMS structure
both exhibits stronger field enhancement (regions of black color in Figure 5.4e and f)
than Ag based structures, as expected from its larger dielectric constant. Specifically,
the peak photon flux absorbed in Si− Al − Fe2O3 CMS NW (Figure 5.4f) is about
5 times larger than that in Si−Ag− Fe2O3 CMS NW (Figure 5.4e). These contour
plots clearly demonstrate that the absorption is preferentially close to the hematite-
electrolyte interface in the CMS design; hence a substantial improvement in the IQE
is expected.
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Fe2O3 NW Si-Fe2O3 NW
Ag-Fe2O3 NW Si-Ag-Fe2O3 NW
Al-Fe2O3 NW Si-Al-Fe2O3 NW
x1024cm-2 s-1
x1024cm-2 s-1 x1024cm-2 s-1
x1024cm-2 s-1 x1024cm-2 s-1
Figure 5.4. The absorption efficiency under TM (dashed lines),
TE (dotted lines) and unpolarized (solid lines) illumination as
a function of wavelength plotted for individual core and shell
layers of a (a) Fe2O3(100 nm dia.), (b) Si(60 nm dia.) −
Fe2O3(30 nm) CS, (c) Ag(80 nm dia.) − Fe2O3(30 nm) CS and
(f) Si(40 nm dia.) − Ag(50 nm) − Fe2O3(30 nm) CMS, (d)
Al(140 nm dia.) − Fe2O3(40 nm) CS and (e) Si(40 nm dia.) −
Al(50 nm)− Fe2O3(40 nm) CMS NW.
5.4 Effect of Illumination Angle on Nanowire Absorption
The discussion in the previous sections has been focusing on the response of CMS
NWs under unpolarized illumination normal to the NW axis. The photoelectrode de-
vice performance is critically dependant on the absorption under unpolarized oblique
incidence. Figure 5.5 plots the expected ideal photocurrent density (blue curve) as a
function of the angle of incidence α for a Si(40 nm dia.)−Al(50 nm)−Fe2O3(40 nm)
CMS NW under unpolarized AM 1.5 G illumination. Remarkably, the ideal pho-
tocurrent density is found to be larger than 8.2 mA/cm2, which corresponds to a
STH efficiency higher than 10%, for incidence angles as large as 45°. This finding
relaxes the requirements on the orientation of the NW arrays with respect to the
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Figure 5.5. The ideal photocurrent density (Blue) and the ratio of
the photocurrent density acquired under TM vs. TE illumination
(Green) as a function of the incident angle within the hematite shell
of a Si(40 nm dia.) − Al(50 nm) − Fe2O3(40 nm) CMS NW. Inset:
Schematic of CMS nanowire under oblique incidence.
illumination during operation. The ratio of the ideal photocurrent density under TM
illumination to TE illumination (green curve) is plotted in Figure 5.5 as a function
of the incidence angle. As indicated by Fabry-Pérot like resonances in CS and CMS
NWs, absorption resulting from the optical resonance in TM and plasmon resonance
in TE over 300 nm to 590 nm were found to be similar. This implies that the ratio of
the photocurrent density under TM and TE is nearly 1 (i.e. JTM/JTE ≈ 1). A small
variation of 6% in this ratio was found over the plotted range of illumination angles.
Such polarization independence over such a large range of incident angles implies that
the CMS nanowires are highly isotropic despite the anisotropy of the NW geometry.
This overcomes the critical challenge faced by non-plasmonic NW designs where the
anisotropy of the NW structure results in polarization dependant absorption.
5.5 Effect of Relative Permittivity of the Medium on Nanowire Absorp-
tion
It is critical to study the effect of the relative permittivity of the medium on the
absorption within the NW to provide a more realistic estimate of the ideal photocur-
rent density. Figure 5.6 plots the absorption in various NWs as a function of the
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Figure 5.6. Ideal photocurrent density within the hematite shell plot-
ted as a function of the relative permittivity of the medium (elec-
trolyte) for (a) metal - hematite nanowires compared with hematite
nanowire and (b) silicon - metal - hematite nanowires compared with
silicon - hematite nanowire. An unpolarized 1-sun illumination inci-
dent normal to the nanowire axis is assumed.
electrolyte dielectric constant. Clearly, the absorption reduces with increasing dielec-
tric constant of the electrolyte for all NWs. Notably, in for the dielectric constant
range between 1.0 and 2.0, Ag based NWs show a large drop (larger slope) as com-
pared to Al based NWs. For instance, the photocurrent density for is about 87% of
the photocurrent density for in Ag based CS NWs, while it is about 91% for Al based
CS NWs. In CMS NWs these values are about 89% and 91% for Ag and Al based
CMS NWs respectively. These results indicate that Al is slightly more robust than
Ag towards the effect of the medium. For typical aqueous electrolytes with permittiv-
ity in the range of about 1.6-2.0, aluminum based NWs exhibit a large photocurrent
density (around 12 mA/cm2). Hence, Alis a good alternative to silver for plasmonic
light harvesting in photoelectrodes.
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5.6 Integrated Photon Flux Absorbed in Various Nanowires with Cop-
per(I) Oxide
To validate that the proposed CMS structures enhance absorption irrespective of
the photocatalyst, we study absorption within ultrathin copper(I) oxide layers. We
chose copper(I) oxide since it has high visible range absorption, ideal bandgap ( 2
eV) and band alignment for driving the hydrogen evolution reaction with a theoretical
maximum STH efficiency of 18% therefore making it a promising photocathode [41].
As discussed earlier in this chapter, the ideal photocurrent density is a good metric
to compare between various nanowires. Here, the performance of hematite (anode) is
compared with that of copper(I) oxide (cathode) to shed light on the advantages of
copper(I) oxide’s broader absorption spectrum in CS and CMS NWs. Figure 5.7 plots
the integrated photon flux absorbed and the corresponding ideal photocurrent density
for various CS and CMS NWs as a function of the photocatalyst layer thickness. In
each plot, the plasmonic metals considered are aluminum, silver, copper and gold and
the grey dashed line corresponds to the theoretical maximum photocurrent of bulk
photocatalyst in air. All calculations assume the NWs to be immersed in a medium
of water with a constant permittivity of 1.77. This assumption is valid for typical
aqueous electrolytes. The photon flux absorbed in NWs coated with hematite plotted
in Figure 5.7a and b is consistent with the results presented in Section 5.1. A similar
absorption enhancement for various metal based NWs with a copper(I) oxide shell as
seen in Figure 5.7c and d. In it interesting to note that the absorption crosses the bulk
maximum within sub-50 nm copper(I) oxide layers. More significantly, aluminum,
copper and gold based NWs show nearly identical photocurrent densities. This is
primarily due to the broader absorption range of copper(I) oxide. This not only
improves the absorption, it also enables the use of LSPRs in copper and gold occurring
beyond 600 nm to enhance the absorption. Hence, both aluminum and copper are
effective plasmonic materials to enhance absorption in photocatalyst with a broad
absorption range over 300 - 1000 nm.
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Figure 5.7. The absorbed photon flux integrated over 300 - 1000 nm
and ideal photocurrent density within the photocatalyst layer as a
function of its thickness for (a) metal-hematite CS NWs compared
with hematite NW, (b) silicon-metal-hematite CMS NWs compared
with silicon-hematite NW, (c) metal-copper(I) oxide CS NWs com-
pared with hematite NW and (b) silicon-metal- copper(I) oxide CMS
NWs compared with silicon-hematite NW. Here, an unpolarized 1-
sun illumination incident normal to the NW axis and water (with a
constant permittivity of 1.77) as the medium is assumed. The grey
dashes show the theoretical maximum absorption in the photocata-
lyst bulk. The insets show the cross-section of CS NW in (a) and (c)
and, CMS NW in (b) and (d).
5.7 Preliminary Experimental Results
In order to validate the theoretical predictions, various thin film and NW samples
based on Si, Ag and Fe2O3 were fabricated. The Si NWs were fabricated using CVD
and Ag was sputtered by Jeremy McCall and Melissa Cordona from Chen Yang Lab.
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The hematite was deposited using ALD by Dr. Thomas Hamann’s Group at Michigan
State University.
Figure 5.8. The total hemispherical reflectance as a function of wave-
length for (a) Si Wafer, (b) Si NW, (c) Si Wafer with Fe2O3 thin
film, (d)Si − Fe2O3 CS and (e) Si − Ag − Fe2O3 CMS NW. The
author thanks Jeremy McCall and Melissa Cordona from Chen Yang
Lab and Dr. Thomas Hamann’s Group at Michigan State University
for fabricating the samples.
Figure 5.8 plots the total hemispherical reflectance of these samples. Clearly, bare
Si NWs absorb in the lower wavelengths and scatter more than Si wafers at higher
wavelengths. This is consistent with the results from previous studies of Si NW
mats [42]. Clearly, the addition of the hematite thin film reduces reflectance of Si
wafer which at lower wavelengths indicates absorption in the hematite layer. However,
the Si wafer is also expected to absorb in this range. The Si−Fe2O3 CS NW have a
substantially lower reflectance as compared to the thin film counterparts, especially
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in the 300-650 nm range, which suggests that the absorption within hematite in this
range is substantially higher for the CS NWs. Moving on to Si− Ag − Fe2O3 CMS
NW, the reflectance is comparable to the CS NWs in the 300-600 nm range and lower
in the 600-650 nm range. Beyond this wavelength, the hematite is not expected to
have any significant absorption. Although the reflectance is comparable in 300-600
nm range, the Si in the CMS NW is predicted to not have any absorption due to
the thick Ag layer that screens all electric field. Therefore the absorption is largely
due to the hematite layer and this provides an indirect validation of the enhanced
absorption in the CMS NW versus CS and thin film samples.
5.8 Discussion
In this chapter, we proposed novel Si−Al− Fe2O3 CMS NW structures as pho-
toelectrodes with improved IQE expected from enhanced absorption and reduced
recombination. Al has been shown to be an excellent alternative plasmonic material
to precious metals in CMS structures and Si-Al-Si−Al − Fe2O3 CMS NWs exhibit
strong absorption in sub-50 nm hematite shells due to the Al plasmon resonance.
The maximum photocurrent density calculated assuming ideal conditions within the
hematite shell of Si(40 nm dia.) − Al(50 nm) − Fe2O3(40 nm) CMS NW reaches
approximately 11.81 mA/cm2 (i.e. STH efficiency of 14.5%). The absorption effi-
ciency within the 40 nm hematite shell is about 93% of the theoretical maximum
for bulk hematite. The spatial distribution of the absorbed photon flux is highly
localized within the hematite shell so that the charges are generated close to elec-
trolyte interface and expected to exhibit minimal recombination before reaching the
interface. Although the NW geometry is highly anisotropic, the CMS NWs exhibit
polarization independent absorption over all incidence angles. Further, a high pho-
tocurrent density, under ideal conditions, is predicted for incidence angles as large as
45°which relaxes the requirements on the orientation of NW arrays with respect to
the incident light. A detailed analysis on the effect of the medium on the absorption
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showed that the absorption enhancement in the proposed structures retained even
for high permittivity electrolyte. In particular, Al based NWs were lesser affected
by the change in permittivity as compared to the Ag based counterparts. Further,
we validated the generality of this approach by studying the absorption in NWs with
ultrathin copper(I) oxide shells. The broader absorption range of copper(I) oxide as
compared to hematite results in remarkably similar absorption for Al, Au and Cu
based NWs. This indicates that for photocatalyst with broadband absorption, Cu
would be as effective as the Al for enhancing absorption. Our results validate Al and
Cu as alternative materials to precious metals such as Ag and Au thereby opening
novel opportunities for cheap scalable plasmonic light harvesting.
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Figure 5.9. The integrated photon flux absorbed within the Si core
(green dots), Al intermediate shell (black dashes) and Fe2O3 outer
shell (red line) of a Si − Al − Fe2O3 CMS NW. The total nanowire
radius is fixed at 110 nm, the Fe2O3 thickness is fixed at 40 nm and
the Al thickness is varied (i.e. Si radius = 70 nm - Al thickness).
Notably, the Si-Hematite ’dual absorber’ system has been shown to be an effective
strategy to reduce the overpotential required for hydrogen evolution [37, 38]. The
results presented here for individual NWs indicate that the absorption within the Si
core in the individual CMS NWs is negligible. By varying the Al thickness, we note
that there exists a minimum thickness for the Al shell (about 25 nm) for obtaining the
high absorption in the hematite shell but the Si core still does not show appreciable
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absorption as shown in Figure 5.9. This is mainly due to the screening of electric field
by the metal intermediate shell. In a practical device consisting of CMS NW arrays
on a Si wafer, the absorption within Si cores and the wafer itself may be substantial.
Therefore, we expect the photoelectrodes based on CMS arrays to potentially offer
the additional advantage of reduced overpotential.
68
5.9 References
[1] Sarath Ramadurgam, Tzu-Ging Lin, and Chen Yang. Aluminum Plasmonics
for Enhanced Visible Light Absorption and High Efficiency Water Splitting in
Core-Multishell Nanowire Photoelectrodes with Ultrathin Hematite Shells. Nano
Letters, 14(8):4517–4522, July 2014.
[2] Sarath Ramadurgam and Chen Yang. Aluminum and Copper Plasmonics
for Enhancing Internal Quantum Efficiency of Core-Shell and Core-Multishell
Nanowire. Proc. SPIE, 9161:91610J, 2014.
[3] T Bak, J Nowotny, M Rekas, and CC Sorrell. Photo-electrochemical hydro-
gen generation from water using solar energy. Materials-related aspects. Int. J.
Hydrogen Energy, 27(2002):991–1022, 2002.
[4] Roel van de Krol, Yongqi Liang, and Joop Schoonman. Solar hydrogen produc-
tion with nanostructured metal oxides. J. Mater. Chem., 18(20):2311, 2008.
[5] Jianwei Sun, Diane K. Zhong, and Daniel R. Gamelin. Composite photoanodes
for photoelectrochemical solar water splitting. Energy Environ. Sci., 3(9):1252,
2010.
[6] Zhebo Chen, Thomas F. Jaramillo, Todd G. Deutsch, Alan Kleiman-Shwarsctein,
Arnold J. Forman, Nicolas Gaillard, Roxanne Garland, Kazuhiro Takanabe,
Clemens Heske, Mahendra Sunkara, Eric W. McFarland, Kazunari Domen,
Eric L. Miller, John a. Turner, and Huyen N. Dinh. Accelerating materials devel-
opment for photoelectrochemical hydrogen production: Standards for methods,
definitions, and reporting protocols. J. Mater. Res., 25(01):3–16, January 2010.
[7] Kevin Sivula, Florian Le Formal, and Michael Grätzel. Solar water split-
ting: progress using hematite (α-Fe(2) O(3) ) photoelectrodes. ChemSusChem,
4(4):432–49, April 2011.
[8] Michael J. Katz, Shannon C. Riha, Nak Cheon Jeong, Alex B.F. Martinson,
Omar K. Farha, and Joseph T. Hupp. Toward solar fuels: Water splitting with
sunlight and rust? Coord. Chem. Rev., 256(21-22):2521–2529, November 2012.
[9] Hen Dotan, Ofer Kfir, Elad Sharlin, Oshri Blank, Moran Gross, Irina Dumchin,
Guy Ankonina, and Avner Rothschild. Resonant light trapping in ultrathin films
for water splitting. Nat. Mater., 12(2):158–64, February 2013.
[10] MP Dare-Edwards, JB Goodenough, A Hamnett, and PR Trevellick. Electro-
chemistry and photoelectrochemistry of iron (III) oxide. J. Chem. Soc. Faraday
Trans., 79(1):2027–2041, 1983.
[11] Hen Dotan, Kevin Sivula, Michael Grätzel, Avner Rothschild, and Scott C.
Warren. Probing the photoelectrochemical properties of hematite (α-Fe2O3)
electrodes using hydrogen peroxide as a hole scavenger. Energy Environ. Sci.,
4(3):958, 2011.
[12] Jae Young Kim, Ganesan Magesh, Duck Hyun Youn, Ji-Wook Jang, Jun Kub-
ota, Kazunari Domen, and Jae Sung Lee. Single-crystalline, wormlike hematite
photoanodes for efficient solar water splitting. Sci. Rep., 3:2681, January 2013.
69
[13] Linyou Cao, Justin S White, Joon-Shik Park, Jon a Schuller, Bruce M Clemens,
and Mark L Brongersma. Engineering light absorption in semiconductor
nanowire devices. Nat. Mater., 8(8):643–7, August 2009.
[14] Linyou Cao, Pengyu Fan, Alok P Vasudev, Justin S White, Zongfu Yu, Wenshan
Cai, Jon a Schuller, Shanhui Fan, and Mark L Brongersma. Semiconductor
nanowire optical antenna solar absorbers. Nano Lett., 10(2):439–45, February
2010.
[15] Yiling Yu, Vivian E Ferry, a Paul Alivisatos, and Linyou Cao. Dielectric core-
shell optical antennas for strong solar absorption enhancement. Nano Lett.,
12(7):3674–81, July 2012.
[16] Elijah Thimsen, Florian Le Formal, Michael Grätzel, and Scott C Warren. In-
fluence of plasmonic Au nanoparticles on the photoactivity of Fe2O3 electrodes
for water splitting. Nano Lett., 11(1):35–43, January 2011.
[17] Isabell Thomann, Blaise a Pinaud, Zhebo Chen, Bruce M Clemens, Thomas F
Jaramillo, and Mark L Brongersma. Plasmon enhanced solar-to-fuel energy con-
version. Nano Lett., 11(8):3440–6, August 2011.
[18] Hanwei Gao, Chong Liu, Hoon Eui Jeong, and Peidong Yang. Plasmon-enhanced
photocatalytic activity of iron oxide on gold nanopillars. ACS Nano, 6(1):234–40,
January 2012.
[19] Jiangtian Li, Scott K Cushing, Peng Zheng, Fanke Meng, Deryn Chu, and Nian-
qiang Wu. Plasmon-induced photonic and energy-transfer enhancement of solar
water splitting by a hematite nanorod array. Nat. Commun., 4:2651, October
2013.
[20] X Wang, KQ Peng, Y Hu, FQ Zhang, and Bo Hu. Silicon/Hematite Core/shell
Nanowire Array Decorated with Gold Nanoparticles for Unbiased Solar Water
Oxidation. Nano Lett., 14:18–23, 2014.
[21] Shannon C Riha, Benjamin M Klahr, Eric C Tyo, Sönke Seifert, Stefan Vajda,
Michael J Pellin, Thomas W Hamann, and Alex B F Martinson. Atomic layer
deposition of a submonolayer catalyst for the enhanced photoelectrochemical
performance of water oxidation with hematite. ACS Nano, 7(3):2396–405, March
2013.
[22] Yongcai Qiu, Siu-Fung Leung, Qianpeng Zhang, Bo Hua, Qingfeng Lin, Zhanhua
Wei, Kwong-Hoi Tsui, Yuegang Zhang, Shihe Yang, and Zhiyong Fan. Efficient
Photoelectrochemical Water Splitting with Ultrathin films of Hematite on Three-
Dimensional Nanophotonic Structures. Nano Lett., March 2014.
[23] Harry a Atwater and Albert Polman. Plasmonics for improved photovoltaic
devices. Nat. Mater., 9(3):205–13, March 2010.
[24] Jon a Schuller, Edward S Barnard, Wenshan Cai, Young Chul Jun, Justin S
White, and Mark L Brongersma. Plasmonics for extreme light concentration
and manipulation. Nat. Mater., 9(3):193–204, March 2010.
[25] David B. Ingram, Phillip Christopher, Jonathan L. Bauer, and Suljo Linic. Pre-
dictive Model for the Design of Plasmonic Metal/Semiconductor Composite Pho-
tocatalysts. ACS Catal., 1(10):1441–1447, October 2011.
70
[26] Suljo Linic, Phillip Christopher, and David B Ingram. Plasmonic-metal nanos-
tructures for efficient conversion of solar to chemical energy. Nat. Mater.,
10(12):911–21, December 2011.
[27] SK Cushing, J Li, and Fanke Meng. Photocatalytic activity enhanced by plas-
monic resonant energy transfer from metal to semiconductor. J. Am. Chem.
Soc., 134:15033–15041, 2012.
[28] Scott C. Warren and Elijah Thimsen. Plasmonic solar water splitting. Energy
Environ. Sci., 5(1):5133, 2012.
[29] Syed Mubeen, Joun Lee, Nirala Singh, Stephan Krämer, Galen D Stucky, and
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CHAPTER 6. OUTLOOK
6.1 Plasmonic Photocatalytic Devices
It is critical to rigorously validate the theoretical predictions in this dissertation
through experiments. Chapter 5 briefly describes some preliminary experimental
results and Appendix B summarizes the NW synthesis processes developed in con-
junction with the theoretical work. This has enabled the development of CMS NWs.
In order to achieve scalable plasmonic PEC, aluminum, cuprous oxide and iron oxide
shells can be utilized with Si scaffolding as shown in Figure 6.1. NWs can be synthe-
sized on both sides of a silicon wafer and coated with different oxides to perform as the
anode and cathode. The band alignment in the materials suggested ensures that no
overpotential is necessary. However, in order to improve the efficiency photoelectrode
doping and co-catalysts need to be explored.
Figure 6.1. A PEC for splitting water consisting of a Cuprous Oxide
based photocathode and a Hematite based photoanode
73
The development of fabrication approaches for CMS NWs which include an earth
abundant metal shell, and new interfaces between Si, Al and oxides is highly beneficial
for scalable solar energy harvesting applications. Through extensive characterization,
critical material and fabrication challenges can be addressed for achieving the pro-
posed structures and identify strategies to obtain the highest photocurrent densities
from CMS NWs.
The focus of this dissertation is largely on optimizing the NW to achieve absorption
through electromagnetic near-field enhancement in the hematite layer. Although for
NWs this has been shown to be highly effective approach, further improvement can be
achieved by optimizing hot electron injection and resonance energy transfer in Al and
Cu based NWs. Since the plasmon resonance in these structures is very close to the
absorption edge of hematite, hot electrons and resonant energy transfer are expected
to result in photo-activity in the NIR. Temporal PEC measurements and transient
absorption spectroscopy can be utilized to decouple the contributions from the various
plasmon mediated processes and study their changes as function of varying geometric
parameters of the NW photoelectrodes. This will provide a general design guideline
and enable us to identify optimized plasmonic photoelectrodes with the high STH
efficiency.
6.2 Plasmonic Light Emitting Devices
The emergence of solid state lighting as an energy efficient alternative to conven-
tional incandescent and fluorescent lights has drawn research and commercial interest
in the recent years for developing efficient and low-cost light emitting diodes (LEDs).
Although high efficiency organic LEDs have been realized, the inorganic counterparts
based on typical semiconductors still suffer from poor internal quantum efficiency
due to large non-radiative recombination. Furthermore, on-chip CMOS compatible
light sources and detectors are necessary for building the next generation of photonic
circuits for high speed computing. Therefore the improvement of emission efficiency
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from semiconductors holds both immediate application towards lighting and display,
and is critical for the development of photonic circuits in the future.
Edward Purcell in 1946 demonstrated that the spontaneous emission of an atom
can be enhanced when placed inside a resonant cavity. A similar Purcell effect has
been demonstrated in semiconductor emitters in the vicinity of metal nanostructures
with surface plasmon resonance that spectrally coincides with the emission wave-
length. Furthermore, emitters in the vicinity of metal NWs exhibit high Purcell
enhancement factors due to strong coupling which can be utilized to substantially
boost the internal quantum efficiency. This effect has been exploited in hybrid coax-
ial NWs to enhance the emission in semiconductors such as CdS and Si. However,
the large parameter space dealing with the NW configuration, size and materials have
not been explored in detail and hence there remains much room for developing hybrid
nanostructures with high internal quantum efficiency.
In order to explore plasmon enhanced emission in hybrid coaxial nanowires, the
local density of optical states (LDOS) and the Purcell enhancement factor can be
used as metrics to identify ideal nanowire structures. Chapter 2 derives the LDOS of
CMS NWs using dyadic green’s function method. By developing MATLAB scripts
based on these derivations, ideal CMS NW configurations for enhanced emission can
be identified. By computing the ratio of the local density of states in the hybrid coax-
ial nanowires to the free space local density of states, the spatial Purcell enhancement
factor is obtained. Using this method, various materials, coaxial configurations and
sizes will be explored to obtain largest emission and develop a design guideline for
efficient light generation as well as color rendering in light emitting diodes. Further-
more, the efficacy of poor plasmonic metals such as aluminum and copper can be
explored in detail.
From this theoretical and experimental study, the results will be beneficial for:
1) developing a tool box for identifying idea configurations and sizes of nanowires as
well as a simple methodology to compare between various materials; 2) develop hybrid
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nanowires that employ cheap plasmonic materials and demonstrate their effectiveness
as phosphors for color balance in white LEDs.
6.3 Summary
This dissertation presents studies on metal and semiconductor based CS and CMS
NWs as modular components for nanophotonics has been discussed in this prelim re-
port. Such nanostructures exhibit size dependent, highly tunable optical (Mie) and
localized surface plasmon resonances in the visible range. This unique optical response
can be used to achieve negative refraction and efficient light harvesting. In partic-
ular, plasmon hybridization in semiconductor-metal-semiconductor CMS NWs is an
effective route to achieve visible range double resonance without the need for large
changes to the size of the NW meta-atoms. The NIM consisting of such meta-atoms
exhibit high FOM in the visible range. In metal-photocatalyst CS and semiconductor-
metal-photocatalyst CMS NWs, the field enhancement around the plasmon resonance
can be utilized to substantially boost the absorption within ultrathin photocatalyst
layers. Notably, such NWs exhibit polarization independent absorption despite being
highly anisotropic structures and show high photocurrent densities when immersed in
typical aqueous electrolytes with relative permittivity in the range of 1.5-2. Further-
more, aluminum and copper are excellent alternatives to silver and gold respectively
for plasmon enhanced light harvesting in such NWs which enables the design of scal-
able plasmonic photoelectrodes. The studies presented here focus only on absorption
improvement due to field enhancement around the plasmon resonance, however, plas-
mon resonance mediated resonant energy transfer, direct electron transfer as well as
hot carrier generation in metal layers is expected to provide a substantial boost to
the photocurrent density. Hence, carefully tuning the plasmon resonance can poten-
tially provide enhanced absorption as well as carrier generation beyond the absorption
edge. The versatility of CS and CMS architecture combined with the strong optical
coupling of NWs in the visible range make such NWs ideal nanophotonic elements
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APPENDIX A. MATLAB SCRIPTS TO SOLVE MAXWELL’S EQUATIONS FOR
CORE-MULTISHELL NANOWIRES
The computation tool, ‘Optical Properties of Single Coaxial Nanowires’, developed
to solve Maxwell’s Equations for CMS NWs is available on nanoHUB (https://
nanohub.org/resources/nwabsorption) with a user guide that provides extensive de-
tails on it’s capabilities and options. This program computes the 1) total scattering,
absorption and extinction efficiency, 2) absorption efficiency within each layer, 3)
integrated photon flux absorbed and the theoretical maximum photocurrent density
under AM 1.5 G illumination as a function of layer thicknesses, and 4) electric and
magnetic polarizability under TE illumination. Figure A.1 is a screen-shot of the
nanoHUB tool.
Figure A.1. Screen-shot of the nanoHUB tool - Optical Properties of
Single Coaxial Nanowires.
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A few basic MATLAB scripts are presented in this appendix for calculating the
optical response of coated nanowires. Each function is presented in separate sections
and must be saved as separate *.m files in order to use the functions correctly. The
code presented here is NOT the source code of the nanoHUB tool. It is mainly
intended to provide a few basic functions which can be used to obtain Mie coefficients
under normal and oblique TE and TM incidence for coaxial nanowires only. These




% MAIN PROGRAM - partial script
% ----------------------------------------------------------------------
% This is a partial script intended to show the use of various functions.
% The wavelength dependant complex dielectric function for the materials
% of interests are assumed to be available to the user and inputed as
% follows:
% e1 = vector of core material dielectric constants
% e2 = vector of shell 1 material dielectric constants
% e3 = vector of shell 2 material dielectric constants
% e0 = vector of free space/medium dielectric constant
% a, b and c are the core radius, shell 1 and shell 2 thicknesses
% respectively in meters
% L is the vector of wavelengths
% ----------------------------------------------------------------------
b = b + a;
c = c + b;
% ----------------------------------------------------------------------
if alpha==0 % perpendicular incidence
[QscaTM,QextTM,QabsTM,QscaTE,QextTE,QabsTE,Bn,An]...
=Qeff(a,b,c,e0,e1,e2,e3,L,nmax);







function [Qsca TM,Qext TM,Qabs TM,Qsca TE,Qext TE,Qabs TE,Bn,An]...
=Qeff(a,b,c,e0,e1,e2,e3,L,nmax)
% ----------------------------------------------------------------------
% a,b,c - radius of core, shell 1 and shell 2 respectively
% e1, e2, e3 - dielectric function of core, shell 1 and shell 2
% u1, u2, u3 - relative permeability of core, shell 1 and shell 2
% L - wavelength
% nmax - number of modes to be considered for calculating the fields.
% Bn - All Mie coefficients for TM
% An - All Mie coefficients for TE
% ----------------------------------------------------------------------
Qsca TM=zeros(1,length(L)); % Scattering Efficiency in TM
Qext TM=zeros(1,length(L)); % Scattering Efficiency in TE
Qabs TM=zeros(1,length(L)); % Absorption Efficiency in TM
Qsca TE=zeros(1,length(L)); % Absorption Efficiency in TE
Qext TE=zeros(1,length(L)); % Extinction Efficiency in TM
Qabs TE=zeros(1,length(L)); % Extinction Efficiency in TE
% ----------------------------------------------------------------------
e 0=8.8542e-12; % permitivity of free space
u 0=1.2566e-6; % permeability of free space



















bn=Bn(j,:,3); % coefficient corresponding to the scattered fields














function [bn,an]=QCSS(a,b,c,k 0,k 1,k 2,k 3,eta 0,eta 1,eta 2,eta 3,nmax)
% ----------------------------------------------------------------------








% Under TM polarization:
Z 1=[besselj(n,k 3*c), bessely(n,k 3*c), besselh(n,k 0*c),...
0, 0, 0];
Z 2=[(0.5/eta 3)*(besselj(n-1,k 3*c)-besselj(n+1,k 3*c)),...
(0.5/eta 3)*(bessely(n-1,k 3*c)-bessely(n+1,k 3*c)),...
(0.5/eta 0)*(besselh(n-1,k 0*c)-besselh(n+1,k 0*c)), 0, 0, 0];
Z 3=[besselj(n,k 3*b), bessely(n,k 3*b), 0, -besselj(n,k 2*b),...
-bessely(n,k 2*b), 0];
Z 4=[(0.5/eta 3)*(besselj(n-1,k 3*b)-besselj(n+1,k 3*b)),...
(0.5/eta 3)*(bessely(n-1,k 3*b)-bessely(n+1,k 3*b)), 0,...
(-0.5/eta 2)*(besselj(n-1,k 2*b)-besselj(n+1,k 2*b)),...
(-0.5/eta 2)*(bessely(n-1,k 2*b)-bessely(n+1,k 2*b)), 0];
Z 5=[0, 0, 0,...
besselj(n,k 2*a), bessely(n,k 2*a), -besselj(n,k 1*a)];
Z 6=[0, 0, 0,...
(0.5/eta 2)*(besselj(n-1,k 2*a)-besselj(n+1,k 2*a)),...
(0.5/eta 2)*(bessely(n-1,k 2*a)-bessely(n+1,k 2*a)),...
(-0.5/eta 1)*(besselj(n-1,k 1*a)-besselj(n+1,k 1*a))];
Z=[Z 1; Z 2; Z 3; Z 4; Z 5; Z 6];
A=[besselj(n,k 0*c);
(0.5/eta 0)*(besselj(n-1,k 0*c)-besselj(n+1,k 0*c));...
0; 0; 0; 0];
bn(nl,:)=Z\A;
% Under TE polarization:
Z 1=[besselj(n,k 3*c), bessely(n,k 3*c), besselh(n,k 0*c),...
0, 0, 0];
Z 2=[(0.5*eta 3)*(besselj(n-1,k 3*c)-besselj(n+1,k 3*c)),...
(0.5*eta 3)*(bessely(n-1,k 3*c)-bessely(n+1,k 3*c)),...
(0.5*eta 0)*(besselh(n-1,k 0*c)-besselh(n+1,k 0*c)),...
0, 0, 0];
Z 3=[besselj(n,k 3*b), bessely(n,k 3*b), 0, -besselj(n,k 2*b),...
82
-bessely(n,k 2*b), 0];
Z 4=[(0.5*eta 3)*(besselj(n-1,k 3*b)-besselj(n+1,k 3*b)),...
(0.5*eta 3)*(bessely(n-1,k 3*b)-bessely(n+1,k 3*b)), 0,...
(-0.5*eta 2)*(besselj(n-1,k 2*b)-besselj(n+1,k 2*b)),...
(-0.5*eta 2)*(bessely(n-1,k 2*b)-bessely(n+1,k 2*b)), 0];
Z 5=[0, 0, 0, besselj(n,k 2*a), bessely(n,k 2*a),...
-besselj(n,k 1*a)];
Z 6=[0, 0, 0,...
(0.5*eta 2)*(besselj(n-1,k 2*a)-besselj(n+1,k 2*a)),...
(0.5*eta 2)*(bessely(n-1,k 2*a)-bessely(n+1,k 2*a)),...
(-0.5*eta 1)*(besselj(n-1,k 1*a)-besselj(n+1,k 1*a))];
Z=[Z 1; Z 2; Z 3; Z 4; Z 5; Z 6];
A=[besselj(n,k 0*c);...
(0.5*eta 0)*(besselj(n-1,k 0*c)-besselj(n+1,k 0*c));...





function [Qsca TM,Qext TM,Qabs TM,Qsca TE,Qext TE,Qabs TE]...
=oblique(alpha,a,b,c,e0,e1,e2,e3,L,nmax)
% ----------------------------------------------------------------------
% a,b,c - radius of core, shell 1 and shell 2 respectively
% e1, e2, e3 - dielectric function of core, shell 1 and shell 2
% u1, u2, u3 - relative permeability of core, shell 1 and shell 2
% L - wavelength
% nmax - number of modes to be considered for calculating the fields.
% Cx - All Mie coefficients for TM
% Cy - All Mie coefficients for TE
% ----------------------------------------------------------------------
e 0=8.8542e-12; %permitivity of free space
u 0=1.2566e-6; %permeability of free space
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Qsca TM=zeros(1,length(L)); % Scattering Efficiency in TM
Qext TM=zeros(1,length(L)); % Scattering Efficiency in TE
Qabs TM=zeros(1,length(L)); % Absorption Efficiency in TM
Qsca TE=zeros(1,length(L)); % Absorption Efficiency in TE
Qext TE=zeros(1,length(L)); % Extinction Efficiency in TM



















0; 0; 0; 0; 0; 0; 0; 0; 0];
Y=1i*f0*[(0.5/1i)*(besselj(n-1,f0*c)-besselj(n+1,f0*c)); 0;...
(n*h/(1i*f0*u0*c))*besselj(n,f0*c);...







n*h/(k1*c)*besselh(n,f1*c), 0, 0, 0, 0, 0, 0];
A2=[0, (f0ˆ2/k0)*besselh(n,f0*c), 0, 0,...
(f1ˆ2/k1)*besselj(n,f1*c),...






0, 0, 0, 0, 0, 0];
A4=[(f0ˆ2/u0)*besselh(n,f0*c), 0, (f1ˆ2/u1)*besselj(n,f1*c),...








A6=[0, 0, 0, 0, (f1ˆ2/k1)*besselj(n,f1*b),...
(f1ˆ2/k1)*besselh(n,f1*b), 0, 0, -(f2ˆ2/k2)*besselj(n,f2*b),...









A8=[0, 0, (f1ˆ2/u1)*besselj(n,f1*b), (f1ˆ2/u1)*besselh(n,f1*b),...
0, 0, -(f2ˆ2/u2)*besselj(n,f2*b),...
-(f2ˆ2/u2)*besselh(n,f2*b), 0, 0, 0, 0];






A10=[0, 0, 0, 0, 0, 0, 0, 0, -(f2ˆ2/k2)*besselj(n,f2*a),...
-(f2ˆ2/k2)*besselh(n,f2*a), 0, (f3ˆ2/k3)*besselj(n,f3*a)];










Cx(j,nl,:)=A\Z; %H perp to nanowire












Qabs TE(j)=(ext L-sig L)/(2*c);
end
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APPENDIX B. CHEMICAL-VAPOR-DEPOSITION SYNTHESIS OF
NANOWIRES
This section provides the details regarding the bottom-up synthesis methodology for
coaxial NWs. Figure B.1 shows a few representative electron microscopy images of
various NWs.
a b c
Figure B.1. a) SEM image of 60 nm diameter Si NW arrays grown on
Si wafer, b) TEM image of 40 nm Si (core) 30 nm Ge (shell) CS NW
and c) low resolution cross-section TEM image of Ge Shell and a Si
capping grown around Si Nanowires defined by top-down lithography.
The scale bars are a) 10 µm, b) 10 nm and c) 20 nm.
High quality, single crystal Si, Ge or Si(1−x)Ge(x) NW arrays, both intrinsic and
doped, were grown in a low pressure chemical vapor deposition (CVD) system. Using
Silane (SiH4) and Germane (GeH4) as the precursor and 10-80 nm diameter gold
nanoparticles (Ted Pella inc.) as the catalyst, nanowires were grown via the vapor-
liquid-solid method on Si, SiO2 and Al2O3 wafers. The diameter of the wire is
determined by the diameter of the gold nanoparticles. Further, the wires were in-situ
doped using using Phosphine (PH3) and Diborane (B2H6) precursors for n and p type
doping respectively. Before growth, all substrates were cleaned in Toluene, Acetone,
Isopropanol, Ethanol and DI water. The Si substrates were further treated with
buffered Hydrofluoric Acid (HF) for 5 seconds to remove any native oxide to promote
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epitaxial growth, followed by drop coating with Poly-L-lysine (Ted Pella inc.) to
improve adhesion between the gold nanoparticles and the substrate. Al2O3 substrates
were boiled in DI water for 30 seconds to roughen the surface which facilitated the
adsorption of gold nanoparticles. Finally the gold colloid was drop coated onto the
substrates before loading them into the CVD for nanowire growth. a typical SEM
image of Si NW grown on Si substrates is presented in Figure B.1a.
The bottom-up approach enables CS and CMS structures in which the nanowire
core is wrapped in-situ with a shell or multiple shells with clean and abrupt radial
interfaces. Figure B.1b is a high resolution TEM image of Si-Ge CS NW with a
uniform shell and an abrupt interface. Growth temperature and partial pressure of
the precursor are key parameters for the control of shell morphology and crystallinity.
For poly-crystalline Si or Ge shells, the smallest uniform shell thickness grown was
4-6 nm. The surface roughness, especially for Ge shells, is a critical factor to be
considered while growing multiple shells. The shells were grown with a very small
surface roughness of 1-2 nm by reducing the total growth pressure.
The successful shell deposition is a general process to be extended for deposit-
ing poly crystalline Ge wrapping nanowires fabricated using top-down lithography.
Figure B.1c shows the cross-section TEM image of a Si/Ge core-shell structure. The
rectangular cross section indicates a Si nanowire fabricated by patterning and etching
a silicon-on-insulator substrate. The Ge shell with a 50 nm thickness was selectively
deposited on the Si nanowires followed by the deposition of a Si capping layer (6-
10nm thick) to prevent any oxidation of the Ge shell. Note that deposition of Ge was
conformal, resulting a wrapping around core shell structure. The TEM image clearly
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